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Abstract 
The Thor Lake rare-metal (Y-REE-Nb-Ta-Zr-Be) deposit, located about 100 kilometers 
southeast of Yellowknife, Northwest Territories, Canada, is regarded as one of the largest 
high field strength elements (HFSE, including Nb, Ta, Zr, Hf, Ti, Y, and the lanthanides) 
deposits and hosted by alkaline granite and syenite. The T Zone deposit, one of the main 
mineralized zones at Thor Lake, is characterized by HFSE mineralization that has 
intimate connection to hydrothermal activities. The T Zone at Thor Lake provides an 
excellent opportunity to assess the mobility and precipitation of HFSE in magmatic-
hydrothermal systems.  
The T Zone has been identified as a pegmatite that experienced multiple alteration stages. 
Most HFSE minerals were hydrothermally formed, as indicated by their occurrence in 
pseudomorphs. The most important precursor minerals for those HFSE-rich and Be-rich 
pseudomorphs are aegirine and mica-group minerals. The HFSE concentrations in 
aegirine and mica are not sufficiently high. Therefore, a dissolution-reprecipitation model 
cannot explain the presence of zircon and other HFSE minerals that pseudomorph 
aegirine. Rather, the addition of HFSE by hydrothermal fluids is required. 
Mass transfer calculations show that HFSE were added or removed during different 
alteration events. Related to the identified alteration events, the remobilization patterns of 
HFSE reveal that transport and precipitation of HFSE in the T Zone was likely caused by 
fluids with different characteristics. 
Magmatic and various types of hydrothermal zircon are characterized by different trace 
element chemistry. Titanium-in-zircon geothermometer was employed to constrain the 
mineralizing temperatures of the T Zone. The crystallization temperatures for the 
magmatic zircon from the host granite range from 792 to 1195 °C. Extremely high Ti 
concentrations in hydrothermal zircon from the T Zone prevent the application of Ti-in-
zircon geothermometry.  
Primary fluid inclusion assemblages (FIAs) related to precipitation of various HFSE 
minerals in the T Zone were identified. Microthermometric analysis has revealed that 
	   v 
there were likely two populations of fluids in the T Zone. According to fluid inclusion 
LA-ICP-MS analysis and EDS decrepitate analysis, the fluids responsible for HFSE 
transport in the T Zone contain significant HFSE, are aqueous and dominated by Na and 
Cl with trace amounts of CO2 and CH4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	   vi 
 
 
 
 
 
Dedicated to my wife and daughter 
 
 
 
 
 
 
 
 
 
 
 
	   vii 
Acknowledgements 
I would like to express my gratitude to my Ph.D. advisor, Dr. Iain Samson, for his 
funding and kind-hearted guidance through the entire course of my PhD study. This study 
would not be accomplished without his constructive advice. Dr. Anthony Williams-Jones 
at McGill University will be thanked for his funding, fieldwork guidance and valuable 
suggestions. This project was funded through Natural Science and Engineering Research 
Council of Canada (NSERC) grants to Dr. Anthony Williams-Jones and Dr. Iain Samson.  
I am grateful to Dr. William Mercer, vice present at Avalon Rare Metals Inc., Toronto, 
for his financial support, arrangement on fieldwork and whole-rock geochemical analysis. 
Mr. Chris Pederson, Dr. Martin Heiligmann, Dr. Dave Trueman and other staff at Avalon 
Rare-element Inc., will be thanked for their assistance during field mapping and 
sampling. The cooperation with Ms. Emma Sheard, Mr. Anthony Tran and Mr. Kent 
MacWilliam is also well appreciated. 
I am appreciative of the assistance provided by Melissa Price for microthermometric, 
Raman spectroscopic and LA-ICP-MS analyses and the assistance provided by Sharon 
Lackie for SEM-EDS analysis. I would like to express my special thanks to all the faculty 
and staff in the Department of Earth and Environmental Sciences for their academic and 
administrative support in the past six years. All the former and current graduate students 
are thanked for their help with study and living on campus. 
I would like to give grateful acknowledgements to my wife, Dr. Minghui Ju. Without her 
companion, cooperation and encouragement, I would not have been able to complete this 
study. I am also indebted to my parents for their unrequited support and love. 
 
 
 
 
	   viii 
Table of Contents 
Author’s Declaration of Originality ................................................................................... iii 
Abstract ............................................................................................................................... iv 
Acknowledgements ............................................................................................................ vii 
List of Tables ...................................................................................................................... xi 
List of Figures .................................................................................................................. xiii 
List of Appendices ......................................................................................................... xviii 
Chapter 1 Introduction ......................................................................................................... 1 
1.1 Introduction .................................................................................................................... 1 
1.1.1 Alkaline Igneous Rocks .......................................................................................... 1 
1.1.2 HFSE Mineral Deposits within Alkaline Igneous Rocks ....................................... 2 
1.2 Geologic Background .................................................................................................... 3 
1.2.1 Regional Geology ................................................................................................... 3 
1.2.2 Geology of Thor Lake Rare-metal Deposit ............................................................ 5 
1.3 Objectives of this Study ............................................................................................... 10 
1.4 Dissertation Structure ................................................................................................... 11 
1.5 References .................................................................................................................... 13 
Chapter 2 Replacement Processes Involving High Field Strength Elements in the T Zone, 
Thor Lake Rare-metal Deposit, Northwest Territories ...................................................... 23 
2.1 Introduction .................................................................................................................. 23 
2.2 Geologic Background .................................................................................................. 25 
2.3 Methods........................................................................................................................ 27 
2.4 Field and Petrographic Observations ........................................................................... 28 
2.5 HFSE- and Be-bearing Mineral Textures .................................................................... 33 
2.6 HFSE Concentrations in Minerals ............................................................................... 36 
2.7 Discussion .................................................................................................................... 37 
2.7.1 Sequence of Events ............................................................................................... 37 
2.7.2 Precursors of HFSE-bearing Pseudomorphs ......................................................... 41 
2.7.3 Transport and Precipitation of HFSE .................................................................... 47 
2.8 Conclusions .................................................................................................................. 48 
2.9 References .................................................................................................................... 49 
Chapter 3 Remobilization and Precipitation of HFSE in the T Zone, Thor Lake Rare-
Element Deposit, Northwest Territories: Insight from Mass Transfer Calculations ......... 87 
3.1 Introduction .................................................................................................................. 87 
	   ix 
3.2 Geologic Background .................................................................................................. 88 
3.3 Textural and Mineralogical Characteristics of the T Zone .......................................... 90 
3.4 Analytical Methods ...................................................................................................... 93 
3.5 Results .......................................................................................................................... 94 
3.5.1 Host Granite .......................................................................................................... 94 
3.5.2 T Zone ................................................................................................................... 96 
3.6 Discussion .................................................................................................................... 98 
3.6.1 Isocon Analysis ..................................................................................................... 98 
3.6.2 Mobility of HFSE during Alteration ................................................................... 103 
3.6.3 Precipitation of HFSE and Be Minerals .............................................................. 107 
3.7 Concluding Remarks .................................................................................................. 109 
3.8 References .................................................................................................................. 109 
Chapter 4 Zircon Chemistry and Ti-in-zircon Geothermometry: Implications for HFSE 
Mineralization in the T Zone of the Thor Lake Rare-element Deposit, Northwest 
Territories, Canada ........................................................................................................... 155 
4.1 Introduction ................................................................................................................ 155 
4.2 Geologic Setting ......................................................................................................... 158 
4.3. Analytical Methods ................................................................................................... 160 
4.3.1 Scanning Electron Microscopy-Energy Dispersive Spectroscopy (SEM-EDS) . 160 
4.3.2 Electron Probe Microanalysis (EPMA) .............................................................. 160 
4.3.3 LA-ICP-MS analysis ........................................................................................... 161 
4.4. Results ....................................................................................................................... 163 
4.4.1 Petrography of Zircon in the T Zone and Host Granite ...................................... 163 
4.4.2 SEM-EDS analysis and X-ray Mapping ............................................................. 165 
4.4.3 EPMA ................................................................................................................. 165 
4.4.4 LA-ICP-MS ........................................................................................................ 166 
4.5 Discussion .................................................................................................................. 170 
4.5.1 Magmatic Zircon vs. Hydrothermal Zircon ........................................................ 170 
4.5.2 Ti-in-zircon Geothermometry and Its Application to Hydrothermal Zircon ...... 175 
4.5.3 Late Stage Ca-metasomatism .............................................................................. 176 
4.5.4 Tetrad Effects in Chondrite-normalized REE Patterns of  Zircon ...................... 177 
4.5.5 Zircon Chemistry and Implications for Hydrothermal Alteration at Thor Lake 178 
4.6 Conclusions ................................................................................................................ 181 
4.7 References .................................................................................................................. 182 
Chapter 5 Fluid Inclusion Study of the T Zone, Thor Lake Rare Element Deposit, NWT: 
Implications for the Genesis of HFSE Mineralization ..................................................... 226 
5.1 Introduction ................................................................................................................ 226 
5.2 Geologic Setting ......................................................................................................... 229 
5.3 Geology of the T Zone Deposit ................................................................................. 229 
	   x 
5.4 HFSE and Be Mineral-bearing Textures .................................................................... 230 
5.5 Fluid Inclusion Assemblage Classification ................................................................ 232 
5.6 Analytical Methods .................................................................................................... 235 
5.6.1 Raman Spectroscopy ........................................................................................... 235 
5.6.2 Microthermometry .............................................................................................. 236 
5.6.3 SEM-EDS Analysis of Fluid Inclusion Decreptitates ......................................... 236 
5.6.4 LA-ICP-MS Analysis ......................................................................................... 237 
5.6.5 Hydrogen and Oxygen Isotopes .......................................................................... 237 
5.7 Results ........................................................................................................................ 238 
5.7.1 Raman Spectroscopy ........................................................................................... 238 
5.7.2 Microthermometric Analysis .............................................................................. 239 
5.7.3. SEM-EDS analysis of Fluid Inclusion Decrepitates .......................................... 240 
5.7.4 Laser Ablation ICP-MS Analysis ....................................................................... 241 
5.7.5. Hydrogen and Oxygen Isotopes ......................................................................... 243 
5.8 Discussion .................................................................................................................. 244 
5.8.1 Variability in Homogenization Temperatures and Salinities .............................. 244 
5.8.2 Temperatures of Fluid Events in the T Zone ...................................................... 246 
5.8.3 Fluid Chemistry .................................................................................................. 248 
5.8.4 Hydrocarbons ...................................................................................................... 251 
5.8.5 Fluid Sources ...................................................................................................... 252 
5.9 Conclusions ................................................................................................................ 252 
5.10 References ................................................................................................................ 253 
Chapter 6 Conclusions ..................................................................................................... 292 
6.1 Overall Achievement ................................................................................................. 292 
6.2 Origin of HFSE Mineralization in the T Zone ........................................................... 293 
6.3 Whole-rock Geochemistry and Mass Transfer Calculations ..................................... 294 
6.4 Zircon Chemistry, Ti-in-zircon and Ti-in-quartz Geothermometry .......................... 294 
6.5 Fluid Inclusion Study and Hydrogen-Oxygen Stable Isotopic Study ........................ 295 
6.6 Future Work ............................................................................................................... 296 
6.7 References .................................................................................................................. 297 
VITA AUCTORIS ........................................................................................................... 356 
 
 
 
 
	   xi 
List of Tables 
Table 1-1 Terminology related to HFSE mineral deposits and alkaline igneous rocks. ... 20 
Table 1-2 Mineral formulae for unusual minerals occurring in alkaline igneous rocks. .. 21 
Table 2-1 Summary of different types of HFSE mineral/Be mineral-bearing 
pseudomorphs in the T Zone. ................................................................................... 77 
Table 2-2 Summary of element concentrations in HFSE minerals in pseudomorphs of 
various types. ............................................................................................................ 78 
Table 3-1 Whole-rock geochemical data for various rock units of the T Zone and host 
granite. .................................................................................................................... 136 
Table 3-2 Summary of key geochemical characteristics of the T Zone rock units and host 
granite. .................................................................................................................... 148 
Table 3-3 Sequence of alteration events and comparison between unaltered and altered 
rocks during individual events. ............................................................................... 152 
Table 3-4 Gain/loss magnitudes of HFSE during different alteration events of the T Zone 
and host granite. ...................................................................................................... 153 
Table 4-1 Classification of Zircon in the T Zone and Host Rocks. ................................ 217 
Table 4-2 Acquisition settings for EPMA of the magmatic zircon from the Thor Lake 
Syenite and Grace Lake Granite. ............................................................................ 218 
Table 4-3 Working conditions for LA-ICP-MS analysis. ............................................... 219 
Table 4-4 Summary of detection limits for isotopes during LA-ICP-MS analysis of zircon
 ................................................................................................................................ 220 
Table 4-5 Summary of important interferences during LA-ICP-MS analysis in Chapter 4.
 ................................................................................................................................ 221 
Table 4-6 ICP counts (counts per second) for individual isotopes. ................................ 222 
Table 4-7 Summary on Tetrad Effect Calculations for the Chondrite-normalized REE 
patterns of the zircon in the T Zone. ....................................................................... 224 
Table 4-8 Summary of Ti-in-zircon geothermometric temperatures for the zircons from T 
Zone and Related Host Rocks. ................................................................................ 225 
Table 5-1a Bulk compositions of the decrepitates of fluid inclusions in Type 2a, 2b, 3a 
and 3b FIAs (element concentrations in wt. %). ..................................................... 282 
	   xii 
Table 5-1b Renormalized element concentrations (in wt. %) in the analyzed decrepitates.
 ................................................................................................................................ 282 
Table 5-1c Charge Balance Calculations for decrepitates. ............................................. 283 
Table 5-2 Summary of Fluid Chemistry of the Analyzed Primary FIAs in the T Zone. 284 
Table 5-3 Results of LA-ICP-MS analysis of fluid inclusions from the T Zone (element 
concentrations in ppm). ........................................................................................... 285 
Table 5-4 Summarization on δ18O and δD values of the polylithionite and quartz from the 
T Zone. .................................................................................................................... 287 
Table 5-5 Summary of physicochemical properties of mineralizing fluids in the T Zone.
 ................................................................................................................................ 288 
Table 5-6 Summary of Ti-in-quartz Temperatures of the rock units in the T Zone. ...... 290 
Table 5-7 Calculations of oxygen and hydrogen isotopic compositions of fluids in 
different T Zone rock units. .................................................................................... 291 
 
 
 
 
 
 
 
 
 
 
	   xiii 
List of Figures 
Figure 1.1 Schematic geological map of the Blachford Lake Complex  ........................... 17 
Figure 1.2 Schematic geological map of the Thor Lake mineral deposits and the T Zone. ......... 18 
Figure 1.3 Cross sections of the North T Zone. ............................................................................ 19 
Figure 2.1 Schematic geological map of the Blachford Lake Complex. ...................................... 54 
Figure 2.2 Schematic geological map of the Thor Lake mineral deposits and the T Zone. ......... 55 
Figure 2.3 Geologic map of the outcrop in the North T Zone at Thor Lake. ............................... 56 
Figure 2.4 Photos showing field relationships and typical textures in the T Zone. ...................... 58 
Figure 2.5 Photomicrographs of the LIZ with pegmatitic textures. .............................................. 60 
Figure 2.6 Photomicrographs showing representative textures in the more altered LIZ .............. 61 
Figure 2.7 Photomicrographs showing representative textures in the quartz-polylithionite 
unit and phenakite zone. ....................................................................................................... 63 
Figure 2.8 Images showing the mineralogy and morphology of bastnäsite-dominated 
pseudomorphs ....................................................................................................................... 65 
Figure 2.9 Photomicrographs and BSE images showing zircon-dominated pseudomorphs. ....... 66 
Figure 2.10 Optical microscopic and BSE images showing Type 4 pseudomorphs .................... 68 
Figure 2.11 Photomicrographs and BSE image showing rutile-dominated and monazite-
dominated pseudomorphs and irregular pseudomorphs characterized by columbite, 
pyrochlore, fluorite and magnetite ........................................................................................ 70 
Figure 2.12a Illustration of the silicification of the LIZ with pegmatitic textures. ...................... 71 
Figure 2.12b Illustration of the hydrothermal evolution of the LIZ and the UIZ. ........................ 72 
Figure 2.13 Paragenesis of LIZ. .................................................................................................... 70 
Figure 2.14 Sketches of typical pseudomorphs that are defined by HFSE minerals in the 
T Zone. .................................................................................................................................. 74 
Figure 2.15 Box-Whisker diagram showing the bulk chemistry of different pseudomorph 
types. ..................................................................................................................................... 75 
Figure 2.16 BSE images showing relict aegirine in the pseudomorphs. ...................................... 76 
Figure 3.1 Schematic geological map of the Blatchford Lake Complex .................................... 114 
Figure 3.2 Geologic map of the outcrop in the North-T Zone at Thor Lake. ............................. 115 
Figure 3.3 Photos showing field relationships and key alteration types in the T Zone .............. 116 
	   xiv 
Figure 3.4 Box-whisker diagram showing Nb, Ta, Hf and Zr concentrations in various 
granites and the T Zone rock units. ..................................................................................... 118 
Figure 3.5 Chondrite-normalized REE patterns of the T Zone units and host rocks .................. 119 
Figure 3.6 Binary diagrams showing (Ce/Yb)N, (Ce/Sm)N, Eu*/Eu and Y/Ho ratios vs. 
total REE concentration for the host granite and the various T Zone units. ....................... 121 
Figure 3.7 Element ratio diagrams for the more altered LIZ with polylithionite alteration 
and the QP unit .................................................................................................................... 122 
Figure 3.8 Component ratio diagrams showing relationships between common 
geochemical twins (Zr-Hf, Y-Ho and Nb-Ta) in the unaltered and altered granite and 
T Zone rocks ....................................................................................................................... 125 
Figure 3.9 Isocon diagram for the least altered LIZ and the more altered LIZ .......................... 126 
Figure 3.10 Isocon diagram showing element gain/loss as a result of polylithionite 
alteration of the more altered LIZ (2011-T-17) .................................................................. 127 
Figure 3.11 Isocon diagram showing element gain/loss as a result of biotite-chlorite 
alteration of the granite. ...................................................................................................... 128 
Figure 3.12 Histograms showing the relative gain/loss of elements as a result of 
progressive alteration of the least altered LIZ .................................................................... 129 
Figure 3.13 Histograms showing the relative gain/loss of elements as a result of 
polylithionite alteration of the more altered LIZ ................................................................ 130 
Figure 3.14 Histograms showing the relative gain/loss of elements as a result of phenakite 
alteration of the polylithionite-altered LIZ ......................................................................... 131 
Figure 3.15 Histograms showing the relative gain/loss of elements as a result of phenakite 
alteration of the QP unit. ..................................................................................................... 132 
Figure 3.16 Histograms showing the gain/loss of elements relative to their concentrations 
in unaltered granite as a result of biotite-chlorite alteration ............................................... 133 
Figure 3.17 Histograms showing the relative gain/loss of elements as a result of fluorite 
alteration ............................................................................................................................. 134 
Figure 3.18 Histograms showing the relative gain/loss of elements during silicification of 
the host rock. ....................................................................................................................... 135 
Figure 4.1 Schematic geological map of the Blachford Lake Complex ..................................... 191 
Figure 4.2 Schematic geological map of the Thor Lake mineral deposits and the T Zone ........ 192 
	   xv 
Figure 4.3 Geological Map of the outcrop in the North T Zone. ................................................ 193 
Figure 4.4 Field photographs showing typical textures in the North T Zone ............................. 194 
Figure 4.5 Photomicrographs and BSE images showing different types of zircon from the 
T Zone and host rocks ......................................................................................................... 195 
Figure 4.6 BSE image and X-Ray Mapping of Type 1 zircon .................................................... 197 
Figure 4.7 ICP-MS spectra of an analyzed quartz crystal showing the inference on 46Ti 
caused by 30Si16O and the presence of Ca in the quartz ...................................................... 199 
Figure 4.8 Trace-element binary plots for zircon from the T Zone, host rocks and Fluorite 
Zone. ................................................................................................................................... 200 
Figure 4.9 Chondrite-normalized REE plots of Type 1a zircon from three samples from 
the quartz–bastnäsite unit .................................................................................................... 202 
Figure 4.10 Chondrite-normalized REE plots of Type 1b zircon from the quartz–
bastnäsite unit ...................................................................................................................... 204 
Figure 4.11 Chondrite-normalized REE plots of Type 2 zircon from the quartz–oxide unit 
and zircon from the Fluorite Zone ...................................................................................... 205 
Figure 4.12 Chondrite-normalized REE plots of Type 3 zircon from the granite and 
syenite at that host the T Zone ............................................................................................ 206 
Figure 4.13 Chondrite-normalized REE patterns for the fluorite from Sample X24 and 
Fluorite Zone. See text for details ....................................................................................... 208 
Figure 4.14 Ternary diagram showing the relative tetrad values for the chondrite-
normalized REE patterns of different zircon types in the T Zone, host rocks and 
Fluorite Zone ....................................................................................................................... 209 
Figure 4.15 (Sm/La)N vs. La  and Ce/Ce* vs. (Sm/La)N plots for zircon from the T Zone, 
host rocks and Fluorite Zone. .............................................................................................. 210 
Figure 4.16 Ce/Ce* vs Total REE plot for zircon from the T Zone, host rocks and Fluorite 
Zone .................................................................................................................................... 211 
Figure 4.17 REE + Y vs. Nb + Ta + P binary plot showing that REE +Y has a positive 
correlation with Nb +Ta +P. ............................................................................................... 212 
Figure 4.18 Box-whisker diagrams showing trace element concentrations in quartz from 
the various T Zone rock units, the host granite and the Fluorite Zone. .............................. 213 
	   xvi 
Figure 4.19 Ti-in-zircon temperatures calculated for magmatic zircon from the Thor Lake 
Syenite and Grace Lake Granite ......................................................................................... 214 
Figure 4.20 Box-whisker diagram showing Ti-in-quartz temperatures (in °C) for the rock 
types in the T Zone and the host rocks ............................................................................... 215 
Figure 4.21 Y/Ho-Ta binary diagram showing that various types of zircon at Thor Lake 
are characterized by different Ta concentrations and Y/Ho ratios ..................................... 216 
Figure 5.1 Schematic geological map of the Blachford Lake Complex ..................................... 259 
Figure 5.2 Schematic geological map of the Thor Lake mineral deposits and the T Zone ........ 260 
Figure 5.3 Photomicrographs showing various HFSE and Be minerals in pseudomorphs 
in the T Zone ....................................................................................................................... 261 
Figure 5.4 Photomicrographs of Type 1 FIAs in various pseudomorphs ................................... 262 
Figure 5.5 Photomicrographs of Type 2 FIAs in pseudomorphs ................................................ 263 
Figure 5.6 Photomicrographs of Type 3 FIAs in growth zones in quartz that is associated 
with various mineral assemblage. ....................................................................................... 264 
Figure 5.7 Photomicrograph and BSE image showing fluorite within a growth zone in 
quartz in which Type 3a FIAs are present .......................................................................... 265 
Figure 5.8 Photomicrographs of Type 4, 5, and 6 FIAs. ............................................................ 267 
Figure 5.9 Raman Spectra of solid phases in the primary fluid inclusions from Type 1a 
and 2a FIAs. ........................................................................................................................ 268 
Figure 5.10 Diagrams showing the final melting temperature of ice  and homogenization 
temperatures for various FIAs ............................................................................................ 270 
Figure 5.11 BSE images showing decrepitates of Type 3a FIAs  and Type 3b FIAs ................ 272 
Figure 5.12 Binary plots showing correlations between Cl, Na, Si and O concentrations in 
the analyzed decrepitates from Type 2a, 2b, 3a and 3b FIAs.. ........................................... 273 
Figure 5.13 Box-whisker diagram showing the results of EDS decrepitate analysis for 
FIA types 2a, 2b, 3a and 3b ................................................................................................ 275 
Figure 5.14 LA-ICP-MS spectrum showing counts for Na, Si and Ce ....................................... 276 
Figure 5.15 Box-whisker diagrams showing element concentrations of the analyzed fluids 
in the T Zone deposit. ......................................................................................................... 277 
Figure 5.16 Chondrite-normalized REE pattern for the analyzed fluid inclusions from the 
T Zone ................................................................................................................................. 279 
	   xvii 
Figure 5.17 Box-whisker diagram showing entrapment temperatures of different FIA 
types and Ti-in-quartz temperatures for different T Zone units ......................................... 280 
Figure 5.18 Box-whisker diagram showing the calculated δ18O values for the fluids in 
equilibrium with the analyzed quartz and polylithionite from the T Zone ......................... 281 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	   xviii 
List of Appendices 
Appendix 1 Chemical compositions of HFSE minerals in pseudomorphs in Figure 2.14 of 
Chapter 2. ................................................................................................................ 299 
Appendix 2 Calculated Bulk Chemistry of the typical pseudomorphs in the T Zone. ... 302 
Appendix 3 Results of mass transfer calculations for the T Zone and host granite during 
alteration of various types. ...................................................................................... 305 
Appendix 4 EMPA analysis of zircon from the host rocks (element concentrations in wt. 
%). ........................................................................................................................... 309 
Appendix 5 LA-ICP-MS analysis of zircon from the T Zone and the host rocks (trace 
element concentrations in ppm). ............................................................................. 312 
Appendix 6 LA-ICP-MS analysis of quartz (element concentrations in ppm). .............. 344 
Appendix 7 Trace element concentrations (in ppm) in fluorite from the T Zone and 
Fluorite Zone. .......................................................................................................... 349 
Appendix 8 Results of microthermometic analysis of FIAs from the T Zone. ............... 350 
 
  1 
Chapter 1 
Introduction 
 
1.1 Introduction 
High field strength elements (HFSE) are those with a high charge/radius ratio (ionic 
potential) and include Nb, Ta, Zr, Hf, Ti, Y, and the rare earth elements (lanthanides; La 
to Lu)(Rollinson, 1993). Alkaline-peralkaline granite-syenite plutonic complexes are 
commonly characterized by elevated HFSE concentrations compared with other igneous 
rock types and are a target for HFSE exploration (Sørensen, 1992). The genesis of HFSE 
mineral deposits, as well as the formation of alkaline-peralkaline complexes, is still 
enigmatic, and both have attracted extensive attention (e.g., Sørensen, 1992, 1997, 2001; 
Salvi et al., 2000; Salvi and Williams-Jones, 2005, Linnen et al., 2014).  The HFSE 
deposits at Thor Lake in the Northwest Territories are an important example of this type 
of mineralization and are the focus of this dissertation. 
1.1.1 Alkaline Igneous Rocks1 
The most widely accepted general definition of the “alkaline” igneous rocks is that they 
are rocks that contain silicate minerals such as feldspathoids (e.g., nepheline), sodic-
pyroxenes (e.g., aegirine) and/or sodic-amphiboles (e.g., arfvedsonite and riebeckite) 
(Gittins, 1979; Sørensen, 1986; Salvi and Williams-Jones, 2005). Carbonatites are also 
considered to be alkaline. The agpaitic index (whole rock atomic [Na+K]/Al) is 
employed to further classify some alkaline igneous rocks as “peralkaline”, where this 
value is > 1 (Salvi and Williams-Jones, 2005). Sørensen (1986) pointed out that all silica-
saturated and silica-oversaturated alkaline rocks are compositionally “peralkaline”. It 
should be pointed out here that alkaline rocks may vary widely in composition, from 
ultramafic to felsic, and may include carbonatites, lamprophyres, kimberlites and other 
                                                
1 Tables 1 and 2 provide a list of terms with definitions and mineral formulae, respectively.	  
  2 
related rock types (Salvi and Williams-Jones, 2005). This study focuses on alkaline-
peralkaline granites and syenites because they are generally the host rocks for HFSE 
mineral deposits, including those at Thor Lake.  The term “agpaitic rock” and “agpaite” 
were derived from the early studies of the Ilímaussaq alkaline-peralkaline complex in 
South Greenland, and were used to describe certain peralkaline nepheline syenites in 
which complex Na-Zr silicates (e.g., eudialite and mosandrite) occur instead of minerals 
such as zircon and Fe-Ti oxides that occur in miaskitic rocks (Sørensen, 1997).   
In the “SIAM” classification for granitoids, alkaline-peralkaline granites generally are 
included into the A-type, where the letter “A” denotes “alkaline”, “anorogenic” and 
“anhydrous” (Chappell and White, 1974). Because alkaline-peralkaline granites are often 
associated with alkaline-peralkaline syenites, especially in mineralized complexes, they 
are discussed together in this introduction. 
1.1.2 HFSE Mineral Deposits within Alkaline Igneous Rocks 
One reason why alkaline-peralkaline granites and syenites in general have attracted 
extensive attention from economic geologists is that HFSE mineral deposits can be 
hosted by such rocks (Salvi and Williams-Jones, 2005; Linnen et al., 2013). Worldwide, 
HFSE mineral deposits share some common features: (1) their host rocks are alkaline-
peralkaline igneous rocks; (2) in some deposits, HFSE mineralization is accompanied by 
enrichments in other rare metals, such as Be, Th and U; and (3) late-stage metasomatism 
is common.  
As documented by Salvi and Williams-Jones (2005) and Linnen et al. (2013), famous 
economic mineral deposits of this type include: the Ilímaussaq complex, Greenland (Zr 
and U in eudialyte and pitchblende); the Khibina complex, Russia (REE-bearing apatite); 
the Lovozero complex, Russia (Zr, REE and Nb in eudialyte); the Strange Lake deposit, 
Canada (Zr, Y, REE, Nb in gittinsite, pyrochlore and kainosite-Y); the Khaldzan-
Buregtey Massif, Mongolia (Zr, REE and Nb in zircon, zirconosilicates, pyrochlore and 
REE fluorocarbonates); and the Thor Lake deposit, NWT, Canada (REE in 
fluorocarbonates, Zr in zircon, Nb in columbite-group, Y in xenotime and fergusonite-
(Y), Be in phenakite). Other, smaller, deposits, such as the Tamazeght Complex, 
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Morocco (Zr in eudialyte) have also attracted attention (Salvi et al., 2000; Salvi and 
Williams-Jones, 2005). 
Although the HFSE have generally been regarded as immobile during water-rock 
interaction and alteration, there is increasing evidence that they are mobile in some 
environments.  The mobility of these elements in magmatic-hydrothermal systems is not 
well constrained, and consequently the genesis of HFSE mineralization in alkaline-
peralkaline granitoids that have seen abundant water-rock interaction, is still open to 
debate (see Salvi and Williams-Jones, 2005 for a review).  Key questions regarding the 
genesis of such mineral deposits include: (1) what is the relative importance of magmatic 
and hydrothermal processes in the enrichment of HFSE in mineral deposits related to 
peralkaline igneous rocks? (2) where hydrothermal enrichment has occurred, what 
physicochemical characteristics of the fluids allow the transport of these normally 
immobile elements?, and (3) what are the precipitation mechanisms for HFSE elements 
in such deposits?  
The Thor Lake mineral deposit is one of the largest peralkaline-complex-related HFSE 
mineral deposits in the world and comprises two main mineralized zones, namely the T- 
Zone and the Nechalacho deposit (formerly known as the Lake Zone). The enrichment of 
heavy rare earth elements (HREE) relative to light rare earth elements makes it very 
distinctive from many other REE mineral deposits. This study focuses on the T Zone, 
which is a zoned ore body that shows obvious hydrothermal characteristics, and is aimed 
at understanding the mineralogical evolution and the geochemical characteristics of fluids 
responsible for HFSE (including REE) mineralization in the T Zone magmatic-
hydrothermal system.   
1.2 Geologic Background 
1.2.1 Regional Geology 
This section provides a summary of the regional geology of the Thor Lake deposits on 
the basis of available literature. The Thor Lake rare-metal (Y-REE-Nb-Ta-Be-Zr-Ga) 
deposits are hosted by an assemblage of metasomatically altered peralkaline syenite and 
granite, which belong to the Blachford Lake Igneous Complex situated at the southern 
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margin of the Slave Province of the Canadian Shield (Hoffman et al., 1977; Davidson, 
1978, 1982; Trueman et al., 1984, 1988; Sinclair et al., 1992; Pinckston and Smith, 1994; 
Sheard, 2010). The emplacement of the Blachford Lake complex is considered to have 
been related to the development of the Authapuscow Aulacogen that underlies the eastern 
arm of Great Slave Lake and represents an important rifting event (Hoffman et al., 1977).  
The alkaline rocks of the Blachford Lake Complex intrude metasedimentary schists of the 
Yellowknife Supergroup and Archean calc-alkaline granitoids in the neighbouring areas 
of the southern Slave Structural Province and are intruded by later northwest-trending 
Mackenzie diabase dyke swarm dated at 1100 - 1200 Ma (Davidson, 1978). To the south 
of the alkaline complex is the Great Slave Supergroup which is lithologically dominated 
by greywackes, shales and carbonates, and is separated from the complex by a postulated 
faulted contact along the Hearne Channel of Great Slave Lake (Trueman et al., 1988). 
According to Davidson (1978), the Blachford Lake Igenous Complex is older than the 
neighbouring Paleoproterozoic Great Slave Supergroup that truncates the diabase dyke 
swarm, although there were no exposed contacts between the Blachford Lake Complex 
and the Great Slave Supergroup.  
The Blachford Lake Igneous Complex principally consists of five distinctive plutonic 
phases, which are, from oldest to youngest: Caribou Lake Gabbro, Whiteman Lake 
Quartz Syenite, Hearne Channel Granite/Mad Lake Granite (which formed from the same 
magma), Grace Lake Granite and Thor Lake Syenite (Davidson, 1982; Taylor and 
Pollard. 1996; Fig. 1.1). These plutonic phases can be subdivided into two portions: the 
western portion including the first four plutons that are less alkaline in composition and 
the eastern portion comprising the last two intrusions that are peralkaline (Davidson, 
1978, 1982; Hoffman, 1980). As the last two plutons (the Grace Lake Granite and Thor 
Lake Syenite) are spatially closely associated, have similar zircon U-Pb ages (see below), 
and show no distinct intrusive contact with each other, they have always been considered 
as one unit (Davidson, 1982; Taylor and Pollard, 1996).  
A series of nepheline-, aegirine- and sodalite-bearing syenites, which were initially 
delineated by drilling (Pinckston, 1989) and gravity modeling (Birkett et al., 1994), have 
been more recently extensively characterized by drilling and identified in field outcrops 
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south of Thor Lake (Sheard et al., 2012). This series of syenites has been named the Thor 
Lake-Nechalacho Layered Alkaline Suite and interpreted to represent a layered alkaline 
igneous complex that hosts the bulk of the rare metal mineralization in the Nechalacho 
deposit (Sheard et al., 2012).  
Several intrusions in the Blachford Lake Igneous Complex have been dated (Bowring et 
al., 1984; Sinclair et al., 1994; Taylor and Pollard, 1996). According to Bowring et al. 
(1984), zircon from the Whiteman Lake Quartz Syenite yielded an age of 2185 ± 5 Ma.  
On the basis of two U-Pb zircon ages for the Hearne Channel Granite (2175 ± 7 Ma) and 
the Thor Lake Syenite (2094 ± 10 Ma), Bowring et al. (1984) suggested that the age 
difference was significant and the western portion of the Blackford Lake Complex might 
not be genetically related its eastern peralkaline portion. Uranium-Pb zircon and monazite 
chronology yielded a crystallization age of 2176.2 ± 1.3 Ma for the Grace Lake Granite 
(Sinclair et al., 1994). This age is indistinguishable from the age of 2175 Ma for the 
Hearne Channel Granite, but significantly older than the age of 2094 ± 10 Ma for 
hydrothermal zircon from the Thor Lake Syenite (Taylor and Pollard, 1996). However, it 
should be pointed out that the zircon from the Thor Lake Syenite was from cross-cutting 
veins in the syenite and could be hydrothermal in origin, thus the age difference between 
the Hearne Channel Granite and Thor Lake Syenite should be not as much as Bowring et 
al. (1984) expected. 
There is debate on the relationship between the Grace Lake Granite and the Thor Lake 
Syenite. Which unit formed first is still not clear. The reasons for this are that the two 
phases have the same texture and only differ in their quartz content, and the contacts 
between them are not distinctive (Pederson et al, 2007; D. Trueman, 2008, personal 
communication). Davidson (1978) also suggested that the Grace Lake Granite grades into 
the Thor Lake Syenite with the quartz content dramatically decreasing.  
1.2.2 Geology of Thor Lake Rare-metal Deposit 
The Thor Lake Rare-metal deposit is hosted by the Grace Lake Granite, Thor Lake 
Syenite and Thor Lake-Nechalacho Alkaline Complex that underlies the Thor Lake 
Syenite. Five zones of rare-metal mineralization have been identified at Thor Lake: the 
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Nechalacho (initially named Lake Zone), R, S, Fluorite, and T Zones (Fig. 1.2A) 
(Davidson, 1982), of which, the T Zone and Nechalacho deposit, the two largest 
mineralized bodies, have become the focus of exploration. The Nechalacho deposit is 
particularly enriched in Zr, Ta and HREE, and the T Zone in Be, Y, Nb and HREE 
(Pederson et al., 2007).  
1.2.2.1 Nechalacho Deposit 
The Nechalacho deposit, the largest mineralized zone at Thor Lake, is roughly triangular 
in plan with dimensions of approximately 2 x 2 x 2 km (Trueman et al., 1984; Pederson, 
2007). About half of the Nechalacho deposit underlies Thor Lake and the exposure of its 
outcrops is poor (Trueman et al., 1984; Pederson, 2007). It is hosted by the Thor Lake-
Nechalacho Layered Alkaline Suite that consists of a medium to coarse-grained aegirine 
nepheline syenite, a layered sodalite syenite and a lujavrite (Sheard et al., 2012). Pockets 
of rare-metal mineralization characterized by zircon with minor REE-bearing minerals 
locally occur throughout the aegirine nepheline syenite (Sheard et al., 2012). Detailed 
petrologic descriptions of these rock units can be found in Sheard et al. (2012). 
The Nechalacho deposit was initially divided into two zones based on the alteration 
assemblages: (1) a Wall Zone characterized by platy albite and medium to coarse grained 
K-feldspar and (2) a broad Core Zone predominantly consisting of albite, K-feldspar, 
nepheline, mafic minerals (such as aegirine, and biotite), Fe and Ti-oxides, various HFSE 
minerals (e.g., zircon, ferrocolumbite, bastnäsite-group minerals and fergusonite-(Y)), 
and fluorite and minor quartz (Trueman et al., 1985; Pederson et al., 2007). Two distinct 
mineralized zones have recently been recognized in the Core Zone, namely the Upper 
Ore Zone and Lower Ore Zone (Sheard et al., 2012). The Upper Ore Zone, which is 
relatively enriched in LREE, is 15 to 30 meters in thickness, whereas the Lower Ore 
Zone is relatively HREE enriched, and is about 15 to 60 meters thick (Sheard et al., 
2012). According to Sheard et al. (2012), the two mineralized zones are either separated 
by unmineralized rocks in some drill holes or grade into one another. Common HFSE 
minerals include zircon, ferrocolumbite, fergusonite-(Y), monazite-(Ce), allanite-(Ce), 
bastnasite-(Ce) and parasite-(Ce)/synchysite-(Ce) in the Nechalacho deposit (Pederson et 
al., 2007; Sheard et al., 2012).  
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Based on the study of Sheard et al. (2012), the alteration events are summarized as 
follows, in a sequence from earliest to latest: early-stage biotite and magnetite alteration 
which were nearly coeval, albitization that is pervasive especially in the upper 50 meters 
of the Thor Lake-Nechalacho Complex, and late-stage alteration including silicification, 
illitization, sericitization and carbonatization.  
1.2.2.2 T Zone 
The Grace Lake Granite and Thor Lake Syenite host the T Zone rare-metal deposit and 
show similarity in their mineralogy, texture and whole-rock composition (Pederson et al, 
2007). Both rocks are commonly pinkish to grey, coarse grained and massive in their 
appearance (Davidson, 1978, 1982; Trueman et al., 1984). The main rock-forming 
minerals in the granite and syenite include alkali feldspar in the form of perthite, quartz, 
alkaline amphibole (mainly riebeckite), and fluorite, with zircon and monazite as 
common accessory minerals (Davidson, 1978, 1982). In the granite around the 
mineralized zone, in addition to zircon and monazite, rutile, ilmenite, hematite and 
magnetite are also present as accessory minerals (Davidson, 1978, 1982).  
The T Zone mostly occurs in the Thor Lake syenite, but extends northwestwards 
approximately a hundred meters into the Grace Lake granite and varies in width from 
several meters to about 250 meters (de St jorre, 1986; see Fig. 1.2A). The T Zone 
comprises two spatially separate sub-zones, the sub-circular North T Zone and irregularly 
shaped South T Zone, each of which is lithologically zoned. In the North T Zone, the 
lithological zones comprise, from rim to core, a Wall Zone, Lower Intermediate Zone 
(LIZ), Upper Intermediate Zone (UIZ) and Quartz Core Zone (Fig. 1.2B) (Trueman et al., 
1984, 1988; Pederson et al., 2007). Figure 1.3 shows cross-sections of the North T Zone 
in two perpendicular directions (lines in Fig. 1.2B). According to the cross-sections 
delineated by the drilling, the North T Zone that is bowl-like in shape remains open 
underground and the mineralization of the T Zone is down-dip to a minimum depth of 
150 meters (Trueman et al., 1988; Fig. 1.3). It is also noted that the different zones are 
almost sub-horizontal and LIZ and UIZ are intertwined. In the South T Zone, the zones 
are not concentrically zoned at the surface. The Wall Zone is still the outermost zone and 
the Quart Core Zone is surrounded by and gradational into the UIZ. The South T Zone is 
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cross-cut by a diabase (MacKenzie) dyke (Trueman et al., 1984; Pederson et al., 2007). 
The sub-zones are postulated to be connected at depth by a near vertically dipping, north-
northwest trending feldspathic dyke that is a derivative of the Wall Zone (Trueman et al., 
1984, 1988; de St jorre, 1986). At the southern end of the South T Zone, a group of 
nearly vertical faults truncate the South T Zone and cause obvious offset on the two sides 
of the faults (Trueman et al., 1984). 
Mineralogical studies of the T Zone have revealed the presence of several types of rare-
metal-bearing minerals, such as bästnaesite-group minerals (bastnäsite-(Ce), parasite-
(Ce) and synchisite, which normally occur as “polycrystal”-syntactic intergrowths of two 
or three species), pyrochlore, columbite, tantalite, zircon, phenakite, bertrandite, 
xenotime, gadolinite and Ga-enriched feldspar (Trueman et al., 1984, 1988; de St Jorre, 
1986; de St Jorre and Smith, 1988; Smith et al., 1991; Taylor and Pollard, 1996).  
Taylor and Pollard (1996) conducted a fluid inclusion study on the T Zone. According to 
their study, the primary fluid inclusion assemblages consisted of CO2-bearing aqueous 
and vapor-rich fluid inclusions that contained variable CO2 contents. The variability in 
homogenization temperatures of inclusions in a given assemblage led them to conclude 
that a boiling fluid was trapped (Taylor and Pollard, 1996). Moreover, in light of fluid 
oxygen and hydrogen stable isotopic compositions, Taylor and Pollard (1996) suggested 
that the REE mineralization in the T Zone was likely related to magmatic fluids.   
Although several researchers have studied the T Zone, the genesis of the contained HFSE 
mineralization is not clearly understood. There are several questions intimately related to 
the genesis of the mineralization. The first relates to the origin of the T Zone itself. 
Although the lithological assemblages of the T Zone are typically characterized by 
hydrothermal minerals (de St jorre, 1986), Trueman et al. (1984) pointed out that there 
were some textures potentially representative of a pegmatitic environment (e.g., the 
coarse-grained textures in the Wall Zone and Quartz Core Zone of the T Zone). Whether 
the T Zone simply represents an alteration product or an igneous rock with hydrothermal 
overprint is open to debate. If the T Zone was originally magmatic but experienced 
extensive metasomatism, there is a possibility that the HFSE mineralization was initially 
formed through magmatic processes. Following the first question, the other important 
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questions include: (1) whether HFSE were simply redistributed or added by late-stage 
hydrothermal fluids; (2) the nature of fluids responsible for remobilizing, transporting 
and precipitating HFSE; and (3) the sources for the fluids. These three scientific 
questions were not fully addressed in previous studies. Although de St jorre (1986) 
concluded that F- and CO32- could be important for transporting REE in hydrothermal 
fluids on the basis of the occurrence of abundant fluorite and carbonates in the T Zone, 
the genetic relationships between fluorite/carbonates and REE minerals were not fully 
investigated, and the presence of a mineral does not necessarily imply a high 
concentration for the constituent components in the fluids. The conclusions on the 
character of the mineralizing fluids in the T Zone stated by Taylor and Pollard (1996) are 
in doubt due to their criteria for identification of primary fluid inclusions. Fluid 
inclusions in planes beginning and ending within a single crystal and isolated individual 
inclusions with different compositions from nearby secondary fluid inclusions were 
classified as primary (Taylor and Pollard, 1996).  Although such inclusions could be 
pseudosecondary or primary, definitive evidence of a primary origin requires a 
demonstrated relationship between the inclusions and growth features in the host mineral. 
Thus, the characteristics of the fluids responsible for the hydrothermal minerals in the T 
Zone remain uncertain. 
1.2.2.3 R, S and Fluorite Zones 
The R Zone is located about a half kilometer southeast of the South T Zone and is an 
elongated mineralized zone that develops as an extension of a vertical fault truncating the 
southern end of the T Zone (de St jorre, 1986; Fig. 2A). The R Zone extends 
approximately 1 km northeastwards and varies in width from a few to 30 meters 
(Pederson, 2007). The host rocks of the R Zone include massive to strongly foliated 
syenite, syenitic pegmatite and aplite (de St jorre, 1986). The R Zone rocks are generally 
pink to dark grey, vuggy and mainly composed of albite, carbonates, disseminated fine-
grained fluorite and minor hematite with quartz and magnetite in accessory amounts (de 
St jorre, 1986). Albitization occurs as lenses, dykes and stringers throughout the whole 
zone (de St jorre, 1986; Pederson, 2007). Carbonates fill the vugs in the strongly albitized 
R Zone rocks and also occur in stringers cross-cutting albite. Local enrichment of Y, Th 
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and HREE in the R Zone has been reported and samples from the R Zone returned assays 
as high as 8.5 % Y2O3, 8.6 % ΣREE and 12.5 % ThO2 (Pederson, 2007).   
The S Zone is another small, elongated mineralized zone trending northeasterly between 
the R and South T Zone and is cross-cut by a nearly vertical fault which also truncates the 
southern end of the T Zone (de St jorre, 1986). The S Zone, approximately 300 meters in 
length and the average width is about 10 meters, is hosted by partially altered, coarse 
grained syenite and the lithology of the S Zone is dominated by albite, quartz, fluorite, 
polylithionite and biotite with minor carbonates and various sulfides (e.g., sphalerite and 
pyrite) (Pederson, 2007). Zircon, columbite, phenakite and bastnäsite-(Ce) which accout 
for the local mineralization of Be, U, REE, Y, and Nb are present in minor quantities (de 
St jorre, 1986). The mineral assemblages in the S Zone are very similar to those in the 
South T Zone (Trueman et al., 1984). The boundary between the host rock and the S 
Zone is somewhat gradational (de St jorre, 1986). Albite and polylithionite form lenses 
around the mineralized segments (Pederson, 2007). 
The Fluorite Zone which is the smallest mineralized zone at Thor Lake is located at the 
southeast apex of the Nechalacho deposit and extends southeasterly ~150 meters and its 
width varies from 1 to 15 meters (Pederson, 2007). The Fluorite Zone gradually grades 
into the surrounding host rock that is a fresh to slightly altered arfvedsonite syenite as it 
extends southeastwards (Trueman et al., 1984; de St jorre, 1986). On the plan view map 
(Fig. 1.2A), the Fluorite Zone occurs along the southeastern projection of the T Zone and 
is thus postulated to represent the southernmost extent of the T Zone mineralization, 
although it is still unclear whether the two zones are connected at depth (de St jorre, 
1986). The Fluorite Zone rocks are massive and distinctly dark purple due to fine grained, 
purple fluorite comprising up to 55% of some rocks (de St jorre, 1986). In addition to 
fluorite, fine-grained biotite, fine-grained subhedral to euhedral zircon and columbite and 
anhedral quartz and carbonates with various grain sizes are common minerals with 
xenotime, allanite, albite, Cu-Fe sulfides and LREE-fluorocarbonates as accessory 
minerals (de St jorre, 1986; Pederson, 2007).  
1.3 Objectives of this Study 
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This study will address the following scientific questions:  
(1) What are the relative contributions of magmatic and hydrothermal processes to the 
HFSE mineralization in the T Zone?  For example, are the coarse-grained rocks found in 
the T Zone pegmatites or coarse-grained alteration assemblages (or both)?  
(2) If hydrothermal processes were important, did the fluids carry significant HFSE or 
simply redistribute previously concentrated HFSE?  What is the relationship between 
water-rock interaction and the precipitation of HFSE?  
(3) What was the source of the ore-forming fluids in the T Zone? Was there any 
participation of non-magmatic water in the mineralization? 
(4) The T Zone and Nechalacho deposit are spatially closely associated and clearly part 
of the same overall system. Although there are similarities between the two mineralized 
bodies, there are some important textural and geochemical/mineralogical differences.  
The question is, what is the genetic relationship between the two deposits?  
(5) What is it about the fluids at Thor Lake, and by extension other deposits, that allows 
them to transport significant quantities of HFSE? 
1.4 Dissertation Structure 
This PhD dissertation consists of six chapters. Chapters 1 and 6 are the Introduction and 
Conclusions chapters, respectively. Chapters 2, 3, 4 and 5 are manuscripts in preparation 
for publication. The scientific questions that are listed in the previous section were 
separately addressed in these four manuscripts.  
In Chapter 2, petrographic and SEM-EDS analysis, combined with field mapping and 
core logging, are used to understand the relationships between different rock units, the 
distribution of HFSE and Be mineral-bearing textures, and the relationship between 
HFSE mineralization and alteration in the T Zone. Textural evidence reveals that the T 
Zone was originally a pegmatite but experienced a strong hydrothermal overprint and that 
HFSE and Be minerals in the T Zone are predominantly hydrothermal and occur in 
pseudomorphs. Based on textural and field relationships there have been three main 
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alteration stages that affected the T Zone.  From earliest to latest, these are: Stage I - 
initial silicification along with replacement of aegirine by iron- and titanium-oxides, 
Stage II - polylithionite alteration (i.e., lithium metasomatism), and Stage III - phenakite 
alteration (i.e., beryllium-metasomatism). Laser-ablation (LA) ICP-MS analyses of 
aegirine and arfvedsonite from the T Zone deposit were conducted to test the hypothesis 
that aegirine and arfvedsonite can contain significant quantities of HFSE and thus can be 
a potential source for HFSE. On the basis of textural evidence and mineral chemistry, 
HFSE were not simply redistributed but rather were added into pseudomorphs containing 
HFSE minerals in the T Zone during alteration. An open-space filling process was 
involved during precipitation of HFSE minerals (typically bastnäsite-group minerals). 
In Chapter 3, representative samples were collected from the various rock units of the T 
Zone and the host granite for whole-rock geochemical analysis. Mass transfer 
calculations were conducted using whole-rock geochemical data and the Isocon method 
was used to investigate the relationship between HFSE mobility and alteration events. 
Mass transfer calculations show that HFSE were added or removed during different 
alteration events that affected the T Zone and its host rocks. Geochemical twins such as 
Zr-Hf, Nb-Ta and Y-Ho were decoupled to various extents during most alteration events. 
Also, LREE, MREE and HREE showed different behaviour during alteration. Significant 
LREE were removed, whereas Ti, Nb, Ta, Zr, Hf, MREE and HREE were added during 
the alteration stage in which the least altered LIZ was converted to the more altered LIZ; 
during polylithionite alteration of the LIZ, Ti, Be, Nb, Ta, Zr, Hf, and HREE were 
removed; and during the phenakite alteration stage of the LIZ and QP unit, Be was 
consistently gained while Ti removed. Related to the identified alteration events, the 
remobilization patterns of HFSE reveal that transport and precipitation of HFSE in the T 
Zone was likely caused by fluids with different characteristics. 
In Chapter 4, detailed optical microscopy, CL-imaging, SEM-EDS, EPMA and LA-ICP-
MS analyses were combined to correlate textural characteristics and chemical 
compositions of different zircon types, providing important information carried by zircon 
grains regarding the T Zone mineralization. The Ti concentration in various types of 
zircon and the quartz in equilibrium with the zircon was determined. Titanium-in-zircon 
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and titanium-in-quartz geothermometers were employed to constrain the mineralizing 
temperatures of the T Zone. Comparison of zircon chemistry reveals that magmatic and 
various types of hydrothermal zircon are characterized by different trace element 
chemistry. Additionally, the hydrothermal zircon associated with different mineral 
assemblages exhibited different chondrite-normalized REE patterns and prominent REE 
tetrad effects. The reason for the tetrad effects in the REE patterns of hydrothermal 
zircons is interpreted to have been the chemistry of the zircon-precipitating fluids. 
Chapter 5 presents a fluid inclusion study on the T Zone deposit. Primary fluid inclusion 
assemblages were classified based on inclusion distribution and associated mineral 
assemblages. Raman spectroscopy, microthermometry, SEM-EDS decrepitate analysis 
and LA-ICP-MS analysis of fluid inclusions were employed to constrain the 
mineralization temperatures and the chemistry of mineralizing fluids. HFSE 
concentrations in the fluids were determined and the obtained data are comparable to the 
data reported in other studies (e.g., Banks et al., 1995; Audétat et al., 2008; Zanjacz et al., 
2008). Chlorine, rather than fluorine, was the most important ligand for the transport of 
HFSE in the T Zone hydrothermal fluids. The absence of Ca in most analyzed fluids from 
the T Zone imply that a fluorite-precipitation model involving mixing between a HFSE- 
and F-rich fluid and a Ca-rich fluid (proposed by Williams-Jones et al., 2000) is not 
applicable to the HFSE mineralization in the T Zone. 
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Figure 1.1 Schematic geological map of the Blachford Lake Complex (after Davidson, 
1978, 1982). 
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Figure 1.2 Schematic geological map of the Thor Lake mineral deposits and the T Zone 
(Fig. 1.2a, after Davidson, 1982 and Sheard et al., 2012; Fig. 1.2b after Trueman et 
al., 1984). 
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Figure 1.3 Cross sections (A-B and C-D in Fig. 1.2b) of the North T Zone (after Trueman 
et al., 1988). 
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Table 1-1 Terminology related to HFSE mineral deposits and alkaline igneous rocks. 
Terms Definition 
HFSE Elements for which the ratio ionic radius/charge < 0.2, including Zr, Hf, Nb, Ta, Ti, Y, and REE (Rollinson, 1993). 
REE Lanthanoid series comprising the fifteen elements with atomic numbers 57 through 71, from lanthanum to lutetium (IUPAC Periodic Table, 2007). 
Alkaline 
Refers to igneous rocks containing feldspathoids (e.g., nepheline) and/or alkali pyroxene 
and amphibole (e.g., aegirine and arfvedsonite; Gittins, 1979; Sørensen, 1986; Salvi and 
Williams-Jones, 2005).   
Peralkaline Alkaline igneous rocks with agpaitic index (whole rock atomic [Na+K]/Al) greater than one.  
Agpaitic 
Refers to peralkaline and silica-undersaturated nepheline syenites in which complex Na-
Zr silicates (i.e., eudialite and mosandrite) occur instead of the more common zircon and 
Fe-Ti oxides in common peralkaline rocks (Sørensen, 1997). 
Miaskitic 
Leucocratic hypersolvus foid (monzo)syenite containing calcic albite, perthite, and 
nepheline ± cancrinite-group minerals as the principal foid minerals. Biotite is the major 
mafic mineral, while ilmenite, zircon and pyrochlore are characteristic accessory 
constituents  
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Table 1-2 Mineral formulae for unusual minerals occurring in alkaline igneous rocks. 
Mineral Formula  Mineral Formula 
aenigmatite Na2Fe52+TiSi6O20  milarite-(Y) K(Ca,Y)Be2Si12O30 
allanite s.l. (REE,Ca)2 (Al, 
Fe2+,Fe3+)(SiO4)3(OH) 
 monazite s.l. REEPO4 
arfvedsonite Na3Fe42+Fe3+Si3O22(OH)2  mosandrite (Na,Ca,Ce)3Ti(SiO4)2F 
armstrongite CaZrSi6O15·2.5H2O  narsarsukite Na2(Ti,Fe3+)Si4O10(O,F) 
astrophyllite (K, Na)3(Fe2+,Mn)7 
Ti2Si8O24(O,OH)7 
 naujakasite Na6FeAl4Si8O26(Ce,Na,Ca)2(Ti, 
Nb)2O6 
baddeleyite ZrO2  normandite NaCa(Mn,Fe)(Ti,Nb,Zr) Si2O7 
OF 
bastnaesite REECO3F  phenakite Be2SiO4 
britholite (REE,Ca,Y)5 
(SiO4,PO4)(OH,F) 
 pyrochlore s.l. (Ca,Na)2(Nb,Ta)2O6(O,OH,F) 
Ca-
catapleiite 
CaZrSi3O9·2H2O  rinkite (Na,Ca,Ce)3Ti(SiO4)2F 
dalyite K2ZrSi6O15  rosenbuschite (Ca,Na)3(Zr,Ti)Si2O8F 
elpidite Na2ZrSi6O15·3H2O  serandite Na(Mn,Ca)2Si3O8(OH) 
eudialyte Na4(Ca,Ce)2(Fe2+,Mn,Y)ZrSi8
O22(OH, Cl)2 
 steenstrupine Na14Ce6Mn2+Mn3+Fe22+(Zr, 
Th)(OH)2(PO4)7(Si6O18)2·3H2O 
gadolinite REE2Fe2+Be2Si2O10  thorite ThSiO4 
gagarinite NaCaY(F,Cl)6  thorianite (Th,U)O2 
gaidonnayite Na2ZrSi3O9·2H2O  titanite CaTiSiO5 
gittinsite CaZrSi2O7  ussingite Na2AlSi3O8(OH) 
hainite Na4Ca8(Ti,Zr,Mn)3Si8O28F8  vlasovite Na2ZrSi4O11 
katophorite Na(Ca,Na)Fe42+(Al,Fe3+) 
Si7AlO22(OH)2 
 vuonnemite Na11Nb2TiSi4O12(PO4)2O5F2 
kainosite-
(Y) 
Ca2(Y,Ce)2Si4O12(CO3)·H2O  willemite Zn2SiO4 
lavenite (Na,Ca)2(Mn,Fe)(Zr,Ti)Si2O7
(O,OH,F)2 
 zircon ZrSiO4 
loparite-(Ce) (Ce,Na,Ca)2(Ti, Nb)2O6  zirconolite CaZrTi2O7 
 
  22 
Modified from Salvi and Williams-Jones (2005). s.l.= sensu lato; i.e., includes all possible variants in 
which one of the REE may dominate.  
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Chapter 2  
Replacement Processes Involving High Field Strength 
Elements in the T Zone, Thor Lake Rare-metal Deposit, 
Northwest Territories 
 
2.1 Introduction  
High field strength elements (HFSE) are commonly considered immobile in most 
geologic environments (Rollinson, 1993). However, there is now abundant evidence that 
HFSE can be hydrothermally mobilized, most significantly indicated by REE deposits of 
hydrothermal origin (Williams-Jones et al., 2012), such as the Bayan Obo REE-Fe-Nb 
deposit, China, and the Gallinas Mountains REE deposit, New Mexico, providing 
convincing evidence for hydrothermal enrichment of HFSE (e.g., Chao et al., 1992; 
Williams-Jones et al. 2000). Additionally, in some HFSE deposits the HFSE have been 
enriched by a combination of magmatic and hydrothermal processes (Williams-Jones et 
al., 2012). For instance, in the Strange Lake REE deposit, where HFSE-rich minerals 
include magmatic elpidite (Na2ZrSi6O15·3H2O) and hydrothermal armstrongite 
(CaZrSi6O15·3H2O), gittinsite (CaZrSi2O7) and zircon (ZrSiO4), petrographic evidence 
clearly shows there was remobilization of Zr and REE in the altered peralkaline granites 
(Salvi et al., 2006). Another example is the Nechalacho deposit at Thor Lake, Northwest 
Territories in which HFSE were initially concentrated through the accumulation of 
magmatic minerals and subsequently remobilized by hydrothermal processes (Sheard et 
al., 2012; Williams-Jones et al., 2012).  
According to Gagnon et al. (2005) and Salvi et al. (2006), remobilization of Zr and REE 
at Strange Lake occurred through both (1) replacement of primary magmatic elpidite by 
secondary hydrothermal HFSE minerals (e.g., armstrongite, gittinsite and zircon) and (2) 
pseudomorphing of aegirine by secondary gittinsite and zircon. The first replacement 
type at Strange Lake indicates that remobilization of HFSE occurred on a small scale 
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(essentially in situ) and can probably be explained by simultaneous dissolution-
reprecipitation. In contrast, the second replacement type apparently requires addition of 
HFSE to phases that are commonly not HFSE-rich.  
Some authors have demonstrated that alkaline pyroxene or amphibole from some alkaline 
igneous complexes can be a source for HFSE. For example, Abdel-Rahman (1994) 
reported total REE concentrations > 3000 ppm in alkali amphobile from the Deloro 
complex, Ontario and the Mount Abu-Kharif complex in Egypt, and the study of Piilonen 
et al. (1998) showed that aegirine from Mont Saint-Hilaire, Quebec can contain >1 wt% 
ZrO2, >1 wt% TiO2 and >1000 ppm total REE. Therefore, breakdown of these alkaline 
pyroxene or amphibole may be important for precipitation of HFSE minerals. The 
question comes down to whether the HFSE in alkaline pyroxene (or amphibole) are 
sufficient for occurrence of HFSE minerals within pseudomorphs whose precursors are 
pyroxene or amphibole. 
The Thor Lake rare-element (Y-REE-Nb-Ta-Zr-Be) deposit is hosted by an assemblage 
of peralkaline syenite and granite and shows both magmatic and hydrothermal HFSE 
enrichment (Sheard et al., 2012). The two largest mineralized zones at Thor Lake are the 
Nechalacho deposit (Sheard et al., 2012) and the T Zone deposit (Trueman et al. 1984; 
Pedersen et al., 2007). In situ HFSE remobilization, analogous to that at Strange Lake, 
has been observed in the Nechalacho deposit (Sheard et al., 2012). The T Zone deposit is 
spatially close to the Nechalacho deposit and has seen strong hydrothermal overprint (de 
St jorre, 1986). Various HFSE minerals have been identified in the T Zone, including 
bastnäsite (REECO3F)-group minerals, zircon (ZrSiO4), columbite ((Fe,Mn)Nb2O6), 
monazite (REEPO4), xenotime (YPO4), phenakite (Be2SiO4) and bertrandite 
(Be4Si2O7(OH)2) (Trueman et al., 1984). Trueman et al. (1984) noted that pegmatitc 
textures are locally present in the T Zone, but de St Jorre (1986) subdivided the T Zone 
into four alteration zones and considered the zones to be the product of hydrothermal 
alteration, such that whether the T Zone is the product of hydrothermal alteration or 
represents a modified pegmatite is still open to debate. Moreover, a hydrothermal origin 
for most HFSE minerals in the T Zone was indicated by the preliminary petrological and 
mineralogical study of de St jorre (1986), but the relationship between hydrothermal 
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events and mineralization has not been clearly determined. Thus, the T Zone deposit 
provides an excellent location to investigate the relationship between HFSE precipitation 
and water-rock interaction.  
In this study, we combine petrographic and SEM-EDS analysis with field mapping and 
core logging to understand the relationship between HFSE mineralization and alteration. 
The replacement processes involving HFSE precipitation are discussed. Moreover, 
previous studies did not investigate HFSE concentrations in precursor mafic minerals 
(aegirine and arfvedsonite) from the T Zone deposit such that potential sources of HFSE 
in the T Zone were not explored. In this study, laser-ablation ICP-MS analyses of 
aegirine and arfvedsonite from the T Zone deposit reveal that HFSE concentrations in 
aegirine and arfvedsonite are not sufficiently high to explain the HFSE contained in 
HFSE-rich minerals and that a dissolution-reprecipitation (local remobilization) model 
cannot explain the presence of zircon and other HFSE minerals that pseudomorph 
aegirine and arfvedsonite.  Rather, the addition of HFSE by hydrothermal fluids is 
required. 
2.2 Geologic Background 
The Thor Lake rare-element (Y-REE-Nb-Ta-Zr-Be) deposit is hosted by an assemblage 
of peralkaline syenite and granite situated at the southern margin of the Slave Province of 
the Canadian Shield (Hoffman et al., 1977; Davidson, 1978, 1982; Trueman et al., 1984, 
1988; de St jorre, 1986; Sinclair et al., 1992; Pinckston and Smith, 1995; Sheard et al., 
2012; Fig. 2.1). The host rocks of the Thor Lake rare-element deposit, including the 
Grace Lake Granite, Thor Lake Syenite and Nechalacho Layered Alkaline Suite (Sheard 
et al., 2012), belong to the Blachford Lake Igneous complex (Davidson, 1987, 1982) that 
is related to a Paleoproterozoic continental rifting event (Hoffman et al., 1977; Bowring 
et al., 1984; Sinclair et al., 1994; Taylor and Pollard, 1996). The Blachford Lake Igneous 
complex is Paleoproterozoic in age (Bowring et al., 1984; Sinclair et al., 1994; Taylor 
and Pollard, 1996). Uranium-Pb zircon and monazite chronology shows that the 
crystallization age of the Grace Lake granite and Thor Lake syenite are 2176.2 ± 1.3 Ma 
(Sinclair et al., 1994).   This age is significantly older than the age of 2094 ± 10 Ma for 
hydrothermal zircon from the Thor Lake Syenite (Taylor and Pollard, 1996).  
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The Thor Lake rare-element deposit consists of two major mineralized zones, namely the 
Nechalacho deposit (formerly the Lake Zone) and the T Zone. The Nechalacho deposit is 
the larger of the two and is hosted by a series of nepheline-, aegirine-, and sodalite-
bearing syenite that was initially identified by gravity modeling (Birkett et al., 1994), and 
has since been delineated by drilling, and identified at surface south of Thor Lake (J.C. 
Pedersen, personal communication). This series of syenites hosts the bulk of the rare 
metal mineralization (the Nechalacho deposit), has been named the Nechalacho Layered 
Alkaline Suite, and was interpreted to represent a layered alkaline igneous complex 
(Sheard et al., 2012). According to Sheard (2012), this sub-horizontally layered alkaline 
suite consists of aegirine nepheline syenite, sodalite syenite, lujavrite and a probable 
eudialyte cumulate in which the postulated eudialyte has been pseudomorphed by zircon, 
fergusonite-(Y), bastnäsite-group minerals, allanite-(Ce), albite, quartz, biotite, fluorite, 
kutnohorite and hematite.   
The T Zone deposit, which is the smaller zone, is mainly hosted by the Thor Lake 
syenite, but extends northwestwards approximately a hundred meters into the Grace Lake 
granite, and at surface varies in width from several meters to about 250 meters (Fig. 
2.2a). The Grace Lake granite and Thor Lake syenite show similarity in their mineralogy, 
texture and whole-rock composition (Pederson et al., 2007).  
The T Zone comprises two spatially separate sub-zones, the sub-circular North T Zone 
and the irregularly shaped South T Zone, each of which is lithologically zoned (Trueman 
et al., 1984). The zones comprise, from rim to core, a Wall Zone, Lower Intermediate 
Zone (LIZ), Upper Intermediate Zone (UIZ), and Quartz Core Zone (Fig. 2.2b), of which, 
the LIZ and UIZ are intertwined (Trueman et al., 1984, 1988; Pederson et al., 2007). 
According to previous studies, the Wall Zone, which is a relatively thin zone 1, to 5 
meters in width, is composed of coarse-grained K-feldspar, radiating albite 
(cleavelandite) and massive quartz, with fluorite, magnetite, biotite and ferrocolumbite in 
accessory amounts (de St jorre, 1996). The LIZ is described as having a gradational 
contact with the UIZ and contains granite and/or syenite xenoliths (Trueman et al., 1984). 
The LIZ exposed in the North T Zone outcrops is relatively narrow and roughly 5 m in 
width. The common minerals in the LIZ include quartz, albite, aegirine, biotite, 
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carbonates, and magnetite, with zircon, rutile, ferrocolumbite, fluorite, xenotime, and 
thorite present in accessory amounts (de St jorre, 1986). The UIZ is characterized by 
massive quartz, with coarse-grained euhedral polylithionite, albite, and phenakite, and 
contains accessory minerals that include fluorite, chlorite, carbonates, magnetite, 
hematite, zircon and bastnäsite-group minerals (de St jorre, 1986). The exposed UIZ in 
the North T Zone is approximately 10 to 20 m wide, but is only sparsely exposed in the 
South T Zone. The Quartz Core Zone, which is approximately several tens meters in 
diameter in the North T Zone and several meters in diameter in the South T Zone, is 
predominately composed of coarse-grained to megacrystic quartz (> 95 vol. %), with 
local concentrations of polylithionite (KLi2AlSi4O10(F,OH)2), carbonates, and bastnäsite-
group minerals (Trueman et al., 1984, 1988; de St jorre, 1986). According to Trueman et 
al. (1984), in the Quartz Core Zone, bastnäsite-group minerals, carbonates and fluorite 
are present as fillings in miarolitic cavities. Detailed lithological descriptions of the rock 
units in the T Zone can be found in de St jorre (1986) and Pederson et al. (2007).  
According to these authors, the UIZ includes quartz-mica ± feldspar, quartz-feldspar-
mica-magnetite ± phenakite, quartz-xenotime-thorite and quartz- bastnäsite subunits.  
Two unexposed units, the quartz-bastnäsite and quartz-xenotime-thorite units, were 
delineated during the early stage drilling in 1980s and represent the most REE-rich parts 
of the T Zone (Trueman et al., 1984; Pederson et al., 2007). Compared to the quartz-
bastnäsite unit, the quartz-xenotime-thorite unit is relatively small and mainly occurs in 
the lower part of the UIZ (Pederson et al., 2007).  
2.3 Methods 
Part of the North T Zone (Fig. 2.2b) was stripped for mapping in order to better study the 
relationships between different rock units exposed at surface. Both regular sampling and 
channel sampling methods were used to collect surface samples. Drill core was also 
logged and sampled to study unexposed rocks. Optical microscopy and scanning electron 
microscopy-energy dispersive spectroscopy (SEM-EDS) was used to study textures and 
to obtain compositional data on HFSE minerals. The analyses were performed at the 
SEM Laboratory at the Great Lakes Institute for Environment Research (GLIER), 
University of Windsor. The SEM was set at high vacuum mode, both 15 kV and 20 kV 
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voltages were used to optimize image quality, and spot size was set at 3.5 microns for 
EDS analysis. X-ray mapping of HFSE minerals in pseudomorphs was conducted to 
check compositional variation within individual crystals. Laser Raman spectroscopy was 
used as a complimentary technique to distinguish the TiO2 polymorphs anatase and rutile, 
and to distinguish phenakite from quartz and bertrandite, as Li cannot be detected using 
EDS. The Raman spectroscopic analyses were performed at the Materials and Surface 
Science Lab, University of Windsor. A Renishaw inVia Raman spectrometer with 514.5 
nm air-cooled argon-ion laser was used. During analysis, the laser power was set to 20 
mW and a ×50 objective lens was used to focus the laser onto the samples. Silicon was 
used for calibration of the instrument. Laser-ablation ICP-MS analyses of aegirine and 
arfvedsonite were performed at the Laser Ablation ICP-MS lab at GLIER, University of 
Windsor. The Laser-ablation ICP-MS used for analysis was a Thermo Electron X Series 
II Inductively Coupled Plasma Mass Spectrometer coupled with a multi-pass Ti:sapphire 
regenerative amplifier femtosecond laser system. During the Laser-ablation ICP-MS 
analyses, a 1.5 mm pinhole, and ×10 objective lens were used. The energy and repetition 
rate of laser were set at 25.3 µJ and 100 Hz, respectively. The diameter of the ablation pit 
was about 23 µm. NIST 610 was used as the external standard. The following isotopes 
were analyzed (average detection limits are reported in part per million in parentheses): 
7Li (0.4), 23Na (12), 24Mg (0.3), 27Al (0.9), 29Si (1500), 31P (2.0), 39K (3.0), 44Ca (17), 46Ti 
(1.75), 48Ti (0.12), 55Mn (0.09), 57Fe (4.8), 89Y (0.01), 91Zr (0.09), 93Nb (0.01), 120Sn 
(0.15), 139La (0.01), 140Ce (0.01), 141Pr (0.01), 146Nd (0.03), 147Sm (0.05), 153Eu (0.01), 
157Gd (0.05), 159Tb (0.01), 163Dy (0.02), 165Ho (0.01), 167Er (0.02), 169Tm (0.005), 171Yb 
(0.04), 175Lu (0.01), 177Hf (0.05), 181Ta (0.01), 208Pb (0.03), and 232Th (0.01). The 
stoichiometric Si concentrations in aegirine and arfvedsonite were used as the internal 
standards.   
2.4 Field and Petrographic Observations 
Although the geologic units of the T Zone were identified in previous studies, the 
relationship between alteration events and mineralization is not well understood. In this 
study, an area on the south side of the North T Zone was stripped and mapped (Fig. 2.3) 
and the distribution of alteration minerals and the sequence of alteration events have been 
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studied. In this stripped area, the host granite, Wall Zone, LIZ, UIZ and Quartz Core 
Zone are exposed.  
The host granite has been altered to various degrees.  Relatively fresh granite is pink, and 
dominated by coarse-grained quartz, alkali feldspar, slightly altered alkali pyroxene 
(aegirine) and amphibole (arfvedsonite and riebeckite).  In the vicinity of the T Zone, the 
granite is dark colored and altered and typically composed of quartz, alkali feldspar and 
fine-grained biotite and chlorite, the latter two minerals having replaced alkali feldspar 
and all of the original mafic minerals. Iron- and Ti-oxides including magnetite, hematite, 
ilmenite and rutile occur in minor amounts as secondary minerals along with biotite and 
chlorite in the altered mafic minerals (aegirine, arfvedsonite and riebeckite). Granite with 
strong fluorite alteration and silicified granite have been encountered in drill core. The 
granite with fluorite alteration is characterized by purple fluorite (roughly 10 vol. %) that 
has replaced chlorite and biotite, whereas the silicified granite contains over 30 vol. % 
quartz and granitic textures are obscured (Chapter 3). In the silicified granite, massive 
quartz replaces the other minerals including fluorite. The various varieties of altered 
granite have gradational contacts with each other. 
The Wall Zone is relatively homogeneous and mainly composed of coarse-grained K-
feldspar (microcline) and bladed albite (cleavelandite) with minor local quartz blebs. The 
LIZ is characterized by similar textures throughout but the mineralogy of this zone varies 
from one part of the T Zone to another.  The LIZ in direct contact with the Wall Zone on 
the west side of the outcrop exhibits well-preserved pegmatitic textures defined by 
elongated crystals (up to 70 cm in length) and interstitial pink albite (Fig. 2.4a, b). The 
individual elongated crystals (Fig. 2.4b) are now pseudomorphs, and predominantly 
comprise massive coarse-grained quartz.  Most of these pseudomorphs have a dark rim 
that contains many small oriented pseudomorphs (Fig. 2.5a, b) that contain aegirine, 
arfvedsonite, magnetite, and rare rutile and columbite. Aegirine and arfvedsonite are 
present as relict phases and have been replaced by quartz, magnetite and rare HFSE 
minerals (Fig. 2.5a). The magnetite in the small oriented pseudomorphs has been partially 
to completely replaced by hematite (Fig. 2.5f). The small pseudomorphs in the dark rims 
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are generally oriented and parallel to the long axis of the large pseudomorphs (Fig. 2.5a, 
c). The interstitial albite is bladed and coarse grained.  
From the contact with the Wall Zone to the centre of the mapped outcrop, the mineralogy 
of the LIZ gradually changes, with albite decreasing in abundance. The part of the LIZ 
(Fig. 2.4c) in which albite is minor and only present as a relict phase is strongly altered 
compared with the part of the LIZ (Fig. 2.4a, b) in direct contact with the Wall Zone. 
Additionally, the pegmatitic texture is obscured in the more altered LIZ relative to the 
less altered LIZ. In the more altered LIZ, the elongated crystals are dominated by massive 
quartz, and are rimmed by coarse- to medium-grained aegirine that has been partially to 
completely replaced by quartz and fine to medium-grained subhedral to euhedral 
magnetite, and further replaced by fine to medium-grained anhedral to subhedral hematite 
(Fig. 2.6a). Quartz in the altered aegirine pseudomorphs is generally texturally identical 
to, and in optical continuity with, the massive quartz that hosts the altered aegirine 
pseudomorphs. Only in some cases is fine-grained anhedral quartz present in the altered 
aegirine (Fig. 2.6a). Aegirine in the more altered LIZ is coarser grained than that in the 
less altered LIZ and does not show a preferred orientation. Rutile and anatase are 
common HFSE minerals in the completely altered aegirine (Fig. 2.6b). The more altered 
LIZ also has more abundant hematite in the aegirine pseudomorphs than the less altered 
LIZ. Albite is replaced by massive quartz. In some cases, zircon, columbite, xenotime 
and bastnäsite-group minerals are also present in the altered aegirine. These HFSE 
minerals are commonly fine-grained, anhedral and postdate rutile and anatase. Locally, 
the LIZ can contain abundant polylithionite (greenish mica) and phenakite (pinkish 
patches in outcrop) (Fig. 2.4h). In the phenakite-bearing LIZ, the pegmatitic texture is 
even more obscured and phenakite replaces polylithionite.  
The UIZ cross-cuts the LIZ (Fig. 2.3) and is represented by a quartz-polylithionite (QP) 
unit in the North T Zone outcrop. The QP unit is equivalent to the quartz-mica ± feldspar 
subzone of Trueman et al. (1984). Different terminology is used in this contribution 
because we consider that the mica species should be specified given that polylithionite is 
by far the dominant mica present (see the Discussion section). The QP unit is dominated 
by massive quartz, coarse-grained polylithionite and red K-feldspar aggregates (Fig. 
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2.4d). K-feldspar is partially replaced by quartz in the QP unit. Rutile, magnetite and 
bastnäsite-group minerals are common accessory minerals, and samples from drill core 
show that arfvedsonite and columbite are locally present in the QP unit (Fig. 2.7a). K-
feldspar either occurs interstitially to polylithionite crystals (Fig. 2.4f) or as radiating 
aggregates rimming polylithionite (Fig. 2.4g), where it has been partially replaced by 
quartz. Radiating aggregates of bastnäsite-group minerals (Fig. 2.7b) that are associated 
with purple fluorite mantle the polylithionite crystals and arfvedsonite is partially 
replaced by fluorite. Rutile is commonly fine-grained, anhedral and occurs in the 
interstices between polylithionite crystals. In places, the QP unit has been altered, where 
polylithionite has been replaced by biotite and K-feldspar (Fig. 2.7c, d). In places, the 
biotite has further been replaced by fluorite and carbonates that grow into the cleavage of 
the biotite. Where K-feldspar has been partially replaced (pseudomorphed) by quartz, the 
original boundaries of the K-feldspar crystals (i.e., pseudomorph edges) are defined by 
fluid inclusions. Pseudomorphs defined by Fe- and Ti-oxides, and less commonly by 
REE and Zr minerals, in massive quartz occur in the UIZ, but have a more irregular 
morphology than those in the LIZ. Moreover, in the North T Zone outcrop, fragments of 
the Wall Zone are present in the QP unit and those fragments are rimmed by fine-grained 
polylithionite, which indicates that the Wall Zone was brecciated during the formation of 
the QP unit. 
At the contact between the QP unit and the LIZ, the LIZ has been replaced by a 
polylithionite-rich zone (Fig. 2.4d), where polylithionite has replaced albite and altered 
aegirine (Fig. 2.6c, d).  The grain size and content of polylithionite decrease from the 
contact to the interior of the LIZ. In the parts of the LIZ in proximity to the QP unit, 
albite occurs as inclusions in the polylithionite (Fig. 2.6d).  Two generations of rutile are 
present; an earlier subhedral to euhedral variety that occurs in altered aegirine, and a later 
fine-grained anhedral variety in the interstices between polylithionite crystals.  
The LIZ and QP unit locally contain phenakite that replaces polylithionite (Fig. 2.4e, f).   
Phenakite is the last mineral to have formed as it has replaced other minerals in both the 
LIZ and QP unit. In some part of the LIZ and QP unit, phenakite is so abundant that the 
rock is dominated by phenakite and quartz and the original textures of the LIZ and QP 
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unit have been obscured. The phenakite-rich part of both the UIZ and LIZ was termed the 
quartz - feldspar-mica-magnetite ± phenakite subzone by Trueman et al. (1984), but will 
be referred to here as the phenakite zone. Quartz in the phenakite zone can be classified 
into two textural types, namely, fine- to medium-grained quartz that is present in 
phenakite-bearing pseudomorphs that have a hexagonal to equant habit (Fig. 2.7g, h) and 
coarse-grained quartz that forms the matrix to the phenakite-bearing pseudomorphs. In 
addition, mica (polylithionite and biotite) is partially replaced by phenakite, fluorite, and 
rarely by REE-rich minerals. A complex Y-REE-Fe-bearing silicate occurs in the altered 
mica, the chemistry and appearance of which are similar to the gadolinite-group minerals 
reported by de St jorre (1986). In the parts of the LIZ in contact with the phenakite zone, 
phenakite is interstitial to or occurs in the cleavages of polylithionite (Fig. 2.7f).  
A lithology that is not represented in the stripped area on the south side of the T Zone, 
but is exposed on the northern margin of the North T Zone comprises massive quartz and 
medium grained subhedral to euhedral pyrochlore and columbite with purple anhedral 
fluorite, fine-grained magnetite, and lesser hematite. The pyrochlore and columbite are 
present in pseudomorphs that exhibit an irregular morphology. This unit was included as 
part of the quartz-magnetite subzone of the LIZ by Trueman et al. (1984) and Pederson et 
al. (2007), but is termed the quartz-columbite-pyrochlore unit in this contribution.  
The quartz-bastnäsite unit is not exposed at surface, and occurs in the quartz core at a 
depth of ca. 20 m. This unit is dominated by massive quartz, fluorite and bastnäsite-group 
minerals, including bastnäsite, parisite and synchysite, with lesser amounts of zircon, 
rutile, anatase, columbite, calcite, siderite, ankerite, and rare monazite. The bastnäsite-
group minerals and zircon mostly define pseudomorphs in massive quartz (see the 
following sections), but can also occur disseminated through coarse-grained quartz. Most 
bastnäsite group minerals contain abundant hematite microinclusions. Compared to most 
zircon in the LIZ, the zircon in the quartz-bastnäsite unit is distinctly euhedral and zoned 
(Fig. 2.9e). Most zircon crystals in the quartz-bastnäsite unit are partially porous and 
xenotime, columbite and bastnäsite are sometimes present in the pores (Fig. 2.9e). 
Polylithionite is locally present as a relict phase that is partially altered to biotite and K-
feldspar, which have further been replaced by fluorite, carbonates and bastnäsite-group 
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minerals. Phenakite is rarely observed in this unit, but where it occurs it postdates 
bastnäsite-group minerals and zircon. The quartz-xenotime-thorite unit (Trueman et al., 
1984) is dominated by massive quartz that contains fine-grained xenotime and thorite, 
with minor bastnäsite-group minerals and fluorite. The bastnäsite-group minerals replace 
xenotime and thorite in aggregates with rounded and radiating habit and fill fractures in 
the massive quartz.  
In the Quartz Core Zone, bastnäsite-group minerals are rarely present. Where these 
minerals occur, they either fill miarolitic cavities or occur in hydrothermal veins, which 
indicates that these minerals were hydrothermally formed.  
2.5 HFSE- and Be-bearing Mineral Textures 
Most of the HFSE- and Be-bearing minerals in the T Zone occur in pseudomorphs in 
massive quartz. The pseudomorphs can be broadly classified into seven types based on 
the predominant minerals they contain: (1) bastnäsite, (2) zircon, (3) phenakite, (4) 
xenotime and thorite, (5) anatase and rutile, (6) monazite, and (7) columbite + pyrochlore 
+ magnetite + fluorite.  Table 1 summarizes the morphologies, mineralogy and 
distribution of the different pseudomorph types.  Most HFSE mineral-bearing 
pseudomorphs occur in massive quartz, which encloses and permeates the pseudomorphs 
such that pseudomorphs are defined primarily by the presence of HFSE minerals. The 
exception is that some zircon-dominated pseudomorphs occur in fluorite (Fig. 2.9c).  In 
most pseudomorphs the texture of the quartz is the same inside and outside of the 
pseudomorph, Type 3 pseudomorphs are different in that, although partly defined by the 
presence of phenakite, quartz within the pseudomorph is finer grained than outside (Fig. 
2.7h).  In many cases, the pseudomorphs are partially defined by fluid inclusions in that 
fluid inclusions are much more abundant within the pseudomorph than in the surrounding 
quartz and the boundaries of some pseudomorphs are defined by fluid inclusions (Chapter 
5). Most HFSE-bearing pseudomorphs contain no remnants of the original mineral that 
was replaced. However, in a few cases, aegirine is present in the pseudomorphs that 
contain rutile and zircon. 
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Bastnäsite-group minerals commonly occur as radiating aggregates in bastnäsite-
dominated pseudomorphs (Type 1)(Fig. 2.8), mainly in the quartz-bastnäsite unit and 
rarely in the more altered LIZ. Type 1 pseudomorphs can be subdivided into two 
subtypes according to their morphology; those with (a) a prismatic (showing pinacoidal 
terminations in some cases) to rhombic habit (Fig. 2.8a-c) and (b) a hexagonal to equant 
habit (Fig. 2.8d). The two subtypes can occur in the same thin section. In the more altered 
LIZ, only Type 1a has been observed, and contains fine-grained hematite that defines the 
boundary of the pseudomorphs (Fig. 2.8). In many of the Type 1 pseudomorphs, 
bastnäsite-group minerals are medium-grained, anhedral to subhedral and are dominated 
by bastnäsite-(Ce), with lesser parisite-(Ce) and/or synchysite-(Ce) that have replaced the 
bastnäsite (Fig. 2.8f, h). The radiating aggregates of bastnäsite-group crystals appear to 
be rooted on the inner wall of the pseudomorphs, and to have grown inwards towards the 
centre of the pseudomorphs. Fluorite and sulfides (mainly pyrite) are common in Type 1 
pseudomorphs, and, in some cases, zircon is present in minor amounts. The zircon is fine 
grained, subhedral to euhedral, and contains distinct growth zones. The zircon is 
commonly distributed at the rims of the pseudomorphs (Fig. 2.8d, f, g), whereas the 
bastnäsite-group minerals are generally distributed in the central part of the 
pseudomorphs. Some Type 1 pseudomorphs also contain phenakite, which occurs 
interstitially to the bastnäsite-group and other HFSE minerals. 
The zircon-dominated pseudomorphs (Type 2) are predominantly distributed in the 
quartz-bastnäsite unit. Type 2 pseudomorphs are sometimes associated with Type 1 
pseudomorphs in the quartz-bastnäsite unit. Type 2 pseudomorphs have morphologies 
that are similar to those of Type 1a (Fig. 2.9a-d). In Type 2 pseudomorphs the zircon 
exhibits a similar crystal habit, internal zoning (Fig. 2.9e) and grain size to the zircon in 
Type 1 pseudomorphs but is different from finer-grained anhedral zicon in rutile/anatase-
dominated pseudomorphs in the LIZ (e.g., Fig. 2.9f). The zircon defines the boundaries 
of the pseudomorphs and also occurs in the central part of the pseudomorphs. Sulfides 
(mainly pyrite) are commonly interstitial to zircon, and hematite occurs as 
microinclusions in zircon. In rare cases, columbite is present as a minor phase in Type 2 
pseudomorphs and replaces zircon. 
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In Type 3 pseudomorphs, which mainly occur in the phenakite zone, phenakite and 
subhedral to euhedral quartz dominate individual pseudomorphs. The phenakite is largely 
fine- to medium-grained and anhedral to subhedral and occurs throughout the 
pseudomorphs. In many cases, the phenakite in the pseudomorphs occurs as parallel 
elongate aggregates (Fig. 2.7g), which may represent the original cleavage of the 
precursor mineral. This type of pseudomorph contains no HFSE minerals.  
Type 4 pseudomorphs, which are primarily located in the quartz-xenotime-thorite unit, 
are acicular, and occur in rounded, radiating aggregates in massive quartz (Fig. 2.10). The 
individual acicular pseudomorphs are mainly characterized by xenotime, thorite and 
bastnäsite-group minerals, along with, ferrithorite, fluorite, chlorite and sulfides 
(including pyrite and chalcopyrite). Xenotime is typically fine grained, subhedral to 
euhedral, and interstitial to ferrithorite and thorite (Fig. 2.10). Sulfides are interstitial to 
xenotime, thorite and ferrithorite. The bastnäsite-group minerals are dominated by 
parisite-(Ce) and synchysite-(Ce), which occur as intergrowths, and cement xenotime, 
thorite and ferrithorite (Fig. 2.10e). Bastnäsite-(Ce) can also be present in Type 4 
pseudomorphs, where it is rimmed and replaced by parisite. Rutile rarely occurs in Type 
4 pseudomorphs and is cross-cut by bastnäsite-group minerals. Very fine-grained REE 
minerals also occur in fractures that radiate away from xenotime-thorite-ferrithorite 
aggregates in massive quartz.     
In Type 5 pseudomorphs, which mainly occur in the more altered LIZ and rarely in the 
less altered LIZ, anatase is fine- to medium-grained, subhedral to euhedral, and is 
generally rimmed by rutile. Hematite is a common minor phase present in Type 5 
pseudomorphs is commonly fine-grained, anhedral and distributed at the rim of the 
pseudomorphs (Fig. 2.11a). Fine to medium-grained subhedral to euhedral magnetite 
rarely occurs and is replaced by hematite in Type 5 pseudomorphs. Zircon either occurs 
in fractures in rutile or as rims on rutile in Type 5 pseudomorphs.  In this case, zircon is 
generally fine grained, anhedral and exhibits no internal zoning (Fig. 2.9f). Columbite 
and xenotime either occur in pores in zircon or in fractures in anatase or rutile. Type 5 
pseudomorphs have similar morphology to that of Type 1a and Type 2 pseudomorphs 
(Fig. 2.11a). No remnants of any precursor minerals are present.  
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Type 6, monazite-dominated pseudomorphs, have rarely been observed, and only in the 
quartz-bastnäsite unit. The pseudomorphs (Fig. 2.11b, d) exhibit a rhombic habit and are 
dominated by fine-grained, anhedral monazite, with zircon in accessory amounts. 
Monazite defines the boundary of the pseudomorph, whereas zircon is mainly present in 
the central part of the pseudomorphs.  This is the only type of pseudomorph in which 
monazite has been observed. 
Type 7 pseudomorphs (Fig. 2.11c) have only been observed in the quartz-pyrochlore-
columbite unit from the LIZ. The HFSE minerals in Type 7 pseudomorphs are dominated 
by pyrochlore and columbite, with fluorite and bastnäsite-group minerals in lesser 
amount. The pyrochlore and columbite are intergrown, and the associated fluorite and 
bastnäsite-group minerals occur as interstitial phases.   
The above descriptions illustrate that the HFSE-rich pseudomorphs in the T Zone have 
variable mineralogy and morphology. Some pseudomorph types exhibit similar 
morphologies but different mineralogy and some pseudomorph types with the same 
mineralogy show different morphology. For example, pseudomorph types 1a, 2 and 5 
exhibit a prismatic to rhombic habit but are dominated by different HFSE minerals. Type 
1b pseudomorphs, though dominated by bastnäsite-group minerals, show an equant to 
hexagonal habit that is different from the habit of Type 1a pseudomorphs.  Furthermore, 
different pseudomorph types can occur together in the same rock units and thin section. 
In the LIZ, both Type 1a and 5 pseudomorphs are present. In the quartz-bastnäsite unit 
Type 1 and Type 2 pseudomorphs occur together and the two pseudomorph types show 
distinct boundaries (Fig. 2.9). The variable mineralogy, texture and distribution of these 
HFSE-rich pseudomorphs imply that there were likely more than one precursor mineral 
and that different HFSE mineral-rich pseudomorphs occurring in the same rock units 
were likely precipitated through different mechanisms or at different times. 
2.6 HFSE Concentrations in Minerals 
The results of EDS analysis of HFSE minerals in representative pseudomorphs are given 
in Appendix 1, and are summarized in Table 2-2. Laser-ablation ICP-MS analyses (Table 
2-4) indicate that aegirine crystals from the intensely altered LIZ do not exhibit 
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compositional zoning. The aegirine contains 4-436 ppm Nb, 1100 - 8030 ppm Ti, 627 - 
7937 ppm Ca, 14 up to 508 ppm Zr, and  < 100 ppm total REE (except two analysis with 
159 and 166 ppm total REE). Based on REE and Zr concentrations, arfvedsonite from the 
T Zone can be divided into two groups: (1) those with relatively high Zr (1000 - 2700 
ppm) but low REE concentrations (< 100 ppm); and (2) those with relatively low Zr (720 
- 930 ppm) but high REE concentrations (694 - 5196 ppm). However, the two groups of 
arfvedsonite are present in the same rock and show no difference in morphology and 
associated mineral assemblages. Lithium concentrations in both groups are consistent, 
and range from 5742 to 7468 ppm, whereas the Na concentrations for the high-Zr and 
low-Zr groups range from 4.6 to 5.4 wt. % and 5.5 to 6.5 wt. %, respectively. Yttrium 
concentrations of both groups are below 50 ppm, except for one analysis from the low-Zr 
group which contains 822 ppm Y. Compared with the aegirine, the arfvedsonite exhibits 
relatively high Zr, Hf, Nb, Ta, but total REE concentrations (Table 2-4).  
2.7 Discussion 
2.7.1 Sequence of Events 
The textures exhibited in the surface outcrops of the T Zone (Fig. 2.4a, b) are clearly 
pegmatitic (cf. London, 2008), and are more than locally preserved (cf. Trueman et al., 
1984), such that the T Zone represents a pegmatite with a strong hydrothermal overprint. 
The identity of the original elongate phase (Fig. 2.4a, b) in the LIZ outcrop is still 
unknown, as it has been completely replaced by quartz.  The rims to these crystals 
contain small oriented aegirine that has been replaced by quartz and magnetite. In the 
more intensely altered parts of the LIZ, aegirine is coarser-grained, non-oriented and 
replaced by quartz, magnetite and lesser amounts of HFSE minerals (e.g., anatase, rutile, 
zircon, columbite, xenotime and bastnäsite). Quartz and magnetite have partially to 
completely replaced aegirine in the dark rims that mantle the elongate crystals, indicating 
that aegirine formation predates the main alteration event.  In the less altered portion of 
the LIZ, near the Wall Zone, the aegirine occurs as small crystals with a preferred 
orientation (Fig. 2.5a-d), whereas in the more altered portions further from the wall zone, 
it occurs as larger euhedral crystals without a distinct orientation. 
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The reason for the preferred orientation of aegirine in the large pseudomorphs is difficult 
to determine, mainly because the identity of the original host phase is not known. The 
aegirine could have formed as a magmatic mineral, intergrown with the unknown host as 
rims on the large crystals, however, the small grain size of the aegirine suggests this is 
not likely given that this was a pegmatitic environment.  The alternatives are that it 
represents a replacement texture or an exsolution texture, in which the orientation of the 
aegirine was crystallographically controlled. Analogous textures involving oriented 
mineral inclusions have been reported from a variety of environments where apatite has 
been altered by hydrothermal fluids (e.g., Harlov et al., 2002, 2005). The resultant 
textures, which have been replicated experimentally, involve inclusions of monazite and 
xenotime, in some cases with a preferred orientation, in the apatite host (Harlov et al., 
2002, 2005). The oriented inclusions of aegerine could represent an analogous process 
but with a different host phase.  The only reported occurrence of aegirine as an exsolved 
phase, that we are aware of, was reported by Thomas et al. (2006), in which aegirine and 
kalsilite occur as oriented exsolution lamellae in nepheline from the Ehrenfriedersdorf 
pegmatites, which are alkaline to peralkaline in composition.  The implication of this is 
that the host phase to the oriented aegirine pseudomorphs in the T Zone could have been 
nepheline. Although nepheline in most igneous rocks develops hexagonal, short prismatic 
crystals (e.g., Fall et al., 2007), it can grow as elongated prismatic crystals.  Examples 
include megacrystic nepheline in nepheline pegmatite at Davis Hill near Bancroft, 
Ontario (Moyd, 1990) and elongated nepheline crystals in nepheline syenites of the 
Siljan-Mykle complex, SE Norway (Andersen et al., 2008), which have similar aspect 
ratios to those of the large pseudomophed crystals in the T Zone (Fig. 2.4a, b). 
Furthermore, as pointed out by London (2008), in pegmatitic environments many 
minerals that grow inwardly can develop slender, elongated crystals, a good example 
being K-feldspar. As noted above, none of the original phase (nepheline?) remains in the 
thin sections we examined. The wholesale replacement of the precursor phase by quartz 
is consistent with the former being nepheline, as any fluid that was saturated with respect 
to quartz (with a relatively high Si activity) would not be undersaturated with respect to 
nepheline (Samson et al., 1995).   Furthermore, the growth of nepheline as a pegmatitic 
phase is consistent with the petrology of the large Nechalacho Suite, which underlies the 
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T Zone, and which is mainly composed of nepheline syenites that are locally pegmatitc 
(Sheard et al., 2012). Considering that the T Zone deposit is spatially associated with the 
Nechalacho deposit, the T Zone may be an extension of the nepheline syenites hosting 
the Nechalacho deposit. 
Regardless of its origin, aegirine represents a phase that crystallized prior to the main 
hydrothermal replacement involving quartz and magnetite, which was followed by 
precipitation of rutile, zircon and other HFSE minerals in pseudomorphs. Magnetite was 
subsequently altered to hematite, which is more abundant in the more intensely altered 
portions of the LIZ. 
The contact between the LIZ and QP units is sharp, and defined by a polylithionite-rich 
zone (Fig. 2.4d), indicating that the UIZ postdates the LIZ and that the contact is likely 
igneous, such that the QP represented a Li- and Si-rich melt. The radiating K-feldspar 
(Fig. 2.4g) in the QP unit mantling the polylithionite aggregates appears to be in 
equilibrium with the polylithionite, which combined with its coarse grain size and 
texture, suggests that it was magmatic. The polylithionite in the more altered portion of 
the LIZ is secondary and replaces aegirine (Fig. 2.6c), which suggests that the LIZ 
underwent polylithionite alteration (Li metasomatism) caused by Li-rich fluids released 
during the crystallization of the QP unit. In addition, in the UIZ, especially in the QP unit, 
polylithionite has been partially to completely replaced by biotite that has been further 
replaced by fine-grained K-feldspar (Fig. 2.7c, d, e). The coarse, radiating K-feldspar 
(Fig. 2.4g) has been replaced by massive quartz. The biotite and K-feldspar alteration 
events are not apparently pervasive in the T Zone and occurred between the polylithionite 
alteration and phenakite alteration as biotite is replaced by phenakite. A significant Be 
metasomatic event is represented by phenakite, which occurs as a secondary phase in 
both the altered LIZ and UIZ where it replaces polylithionite. Pegmatitic textures are 
obscured, but still evident in the LIZ and UIZ with abundant phenakite (Fig. 2.4h), 
which, along with replacement textures demonstrate that phenakite represents a late 
hydrothermal overprint.   
Figure 2.12 illustrates the hydrothermal evolution of the LIZ and UIZ from the 
polylithionite alteration stage to the phenakite alteration stage. In summary, the alteration 
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history of the T Zone can be broadly divided into three main stages. From earliest to 
latest these are: (I) silicification of the principal phases of the pegmatite and the 
associated replacement of igneous aegirine and arfvedsonite by quartz + magnetite + 
HFSE minerals; (II) polylithionite alteration (Li metasomatism) that caused pervasive 
replacement of albite by polylithionite; and (III) phenakite alteration (Be metasomatism). 
The Wall Zone was likely brecciated during the emplacement of the UIZ as indicated by 
Wall Zone fragments that are mantled by polylithionite in the UIZ. Replacement of 
polylithionite by biotite that was further replaced by K-feldspar, was not pervasive and 
has not been observed in the LIZ. As biotite is replaced by bastnäsite-group minerals in 
the QP unit and in the quartz-bastnäsite zone and phenakite replaces biotite in the altered 
QP unit, this replacement event may have happened between alteration stages II and III. 
As bastnäsite-group minerals replace polylithionite and predate phenakite throughout the 
T Zone, the quartz-bastnäsite unit most likely formed between main alteration stages II 
and III. In the quartz-xenotime-thorite unit, xenotime and thorite are replaced by 
bastnäsite, parisite and synchysite, indicating that the formation of this unit was likely 
earlier than that of the quartz-bastnäsite unit. The replacement of magnetite by hematite 
has been observed in both the less altered and more altered portions of the LIZ, but 
magnetite in the QP unit has not been hematized to any significant extent, implying that 
the main hematite alteration event happened during alteration stage I or before 
emplacement of the QP unit and alteration stage II. Apart from replacing magnetite in the 
LIZ, hematite also occurs as microinclusions in the bastnäsite-group minerals in the 
quartz-bastnäsite unit. The occurrence of hematite in the quartz-bastnäsite unit likely 
represents late-stage precipitation after the main hematite alteration (replacement of 
magnetite in the LIZ), given that the formation of the quartz-bastnäsite unit postdated the 
emplacement of the QP unit. Overall, the oxygen fugacity of the fluids increased with 
time and the precipitation of bastnäsite-group minerals likely happened in an oxidizing 
environment. 
Precipitation of HFSE minerals happened at different stages. The paragenetic sequence of 
the LIZ is likely the best example to show multiple-stage precipitation of HFSE (Fig. 
2.13) because the LIZ has experienced all the three main alteration events. Anatase was 
likely co-precipitated with magnetite and early-stage quartz that replaced aegirine in the 
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LIZ.  Rutile was formed at least at two stages. The early rutile is associated with anatase 
in the altered aegirine and was genetically later than anatase given that the transformation 
of anatase to rutile is almost irreversible in all natural environments (Rao, 1961; Rao et 
al., 1961; Smith et al., 2009). Zircon in the T Zone likely has two generations, of which, 
the early zircon is present in the more altered LIZ and postdates rutile (Fig. 2.12). The 
late generation of zircon has only been observed in the quartz-bastnäsite zone and is 
hence not shown in Fig. 2.12. Bastnäsite-group minerals were formed at a very late stage, 
which is consistent throughout the T Zone. Phenakite obviously belongs to the latest 
alteration minerals. Xenotime that is commonly restricted to altered aegirine and 
postdates the early rutile and zircon in the LIZ and xenotime in the quartz-xenotime-
thorite unit likely formed at different times, as the two types of xenotime are different in 
morphology and associated mineral assemblages. For similar reasons, columbite 
restricted to altered aegirine in the LIZ and columbite in the QP unit likely represent 
different generations.  
The granite and syenite hosting the T Zone also experienced hydrothermal alteration that 
has similarities to the alteration in the T Zone, but is different in some important ways.  
These host rocks underwent biotite-chlorite alteration, fluorite alteration, and then 
silicification. During the biotite-chlorite alteration, feldspar and mafic minerals, including 
aegirine, arfvedsonite and riebeckite, were replaced by biotite, chlorite, magnetite, 
hematite and rutile.  This assemblage is similar to that found replacing aegirine and 
arfvedsonite in the T Zone, although quartz is generally also abundant in the T Zone 
assemblages and HFSE minerals are common in the pseudomorphed aegirine.  More 
importantly, Li and Be metasomatism, mainly as polylithionite and phenakite, are 
abundant in the T Zone, but were not observed in altered granite or syenite in this study; 
although Trueman et al. (1984) reported the presence of phenakite in the host granite and 
syenite.  
2.7.2 Precursors of HFSE-bearing Pseudomorphs 
Most HFSE minerals in the samples studied occur in pseudomorphs, implying that the 
formation of these minerals was caused by fluid-mediated processes. A key question is 
whether fluids introduced the HFSE or the replacement largely represents alteration of 
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precursor HFSE-rich minerals. The latter has been documented in the Nechalacho deposit 
at Thor Lake (Sheard et al., 2012) and in the Strange Lake deposit (Salvi and Williams-
Jones, 1995, 2006). Sheard et al. (2012) interpreted the abundant pseudomorphs that 
characterize the Nechalacho mineralization to have been eudialyte 
[(Na15Ca6(Fe2+,Mn2+)3Zr3[Si25O73](O,OH,H2O)3(OH,Cl)2] that was pseudomorphed by an 
assemblage dominated by zircon, fergusonite-(Y), quartz, biotite, fluorite, and a variety 
of other, less abundant, REE minerals. According to their study, the bulk chemistry of the 
pseudomorphs is approximately the same as that of unaltered eudialyte, and the main 
HFSE in the eudialyte, such as Zr, Nb and Y, remained largely confined to the 
pseudomorphs. At Strange Lake, a late, low-temperature alteration episode involved the 
transformation of elpidite (Na2ZrSi6O15·3H2O) to pseudomorphs that contain 
armstrongite (CaZrSi6O15·3H2O), gittinsite (CaZrSi2O7), or zircon, which again suggests 
that zirconium was immobile at the low temperatures of this alteration (Salvi and 
Williams-Jones, 1995, 2006).  
In the T Zone, late-stage hydrothermal activity eradicated virtually all of the original 
mineralogy, including the precursor minerals to most of the HFSE-bearing 
pseudomorphs. Some zircon-bearing pseudomorphs in the Nechalacho deposit, which 
were interpreted to have been eudialyte or elpidite, exhibit morphologies (Sheard et al., 
2012; Möller and Williams-Jones, 2012; V. Möller, personal communication) that are 
comparable to some of the pseudomorphs in the T Zone (Fig. 2.15), such that these 
minerals could have been precursors to the pseudomorphs in the T Zone. However, it 
should be emphasized that there are textural and compositional differences between the 
HFSE-bearing pseudomorphs in the T Zone and those in the Nechalacho deposit. In the 
Nechalacho deposit, the HFSE-bearing pseudomorphs contain minor, fine-grained quartz, 
and HFSE minerals including zircon, monazite and allanite are very fine-grained and 
evenly distributed throughout the individual pseudomorphs (Sheard et al., 2012). In 
contrast, the HFSE-rich pseudomorphs in the T Zone are enclosed by massive quartz in 
most cases and the HFSE minerals are not evenly distributed in the pseudomorphs. For 
example, zircon commonly grows at the edge of Type 2 pseudomorphs in the T Zone and 
the central part of the pseudomorphs is filled by massive quartz or fluorite (Fig. 2.9a-d). 
Moreover, in the T Zone the radiating bastnäsite-group minerals in Type 1 pseudomorphs 
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appear to grow inwardly suggesting open space-filling (Fig. 2.8b, c). The texture of 
HFSE-bearing pseudomorphs in the Nechalacho deposit indicates an in situ dissolution-
reprecipitation process involving eudialyte (Sheard et al. 2012). Similarly, elpidite in the 
Strange Lake REE deposit is pseudomorphed by evenly distributed vermicular gittinsite 
and quartz, providing another example of in situ dissolution-reprecipitation (Salvi and 
Williams-Jones, 2006). The textures of most HFSE-rich pseudomorphs in the T Zone are 
clearly indicative of a precipitation process that is different from the in situ dissolution-
reprecipitation responsible for replacement of eudialyte and elpidite in the Nechalacho 
and Strange Lake deposits. These differences imply that the precursor minerals to the 
HFSE-rich pseudomorphs in the T Zone were not an HFSE-rich mineral such as eudialyte 
or elpidite. 
In order to further assess this hypothesis, the bulk chemistry of representative HFSE-rich 
pseudomorphs (Fig. 2.14; Appendix 2) in the T Zone has been calculated by combining 
petrographic analysis (Table 2-1) with mineral composition data obtained by SEM-EDS. 
These data are compared to analyses of unaltered eudialyte from Nechalacho (Sheard et 
al., 2012); no elpidite has been reported from Thor Lake. The bulk composition 
calculation has been carried out for the HFSE mineral-dominated pseudomorphs with and 
without the morphology of eudialyte. Because areas rather than volumes were used to 
calculate a bulk composition, the actual composition of a given type of pseudomorph 
(with similar mineralogy and morphology) should lie within the range of calculated 
compositions. Most Type 1 and Type 2 pseudomorphs have consistent proportions of 
different HFSE minerals. Furthermore, the zircon and bastnäsite are present as 
aggregates, and their individual crystals are either euhedral to subhedral or have 
consistent forms, which will counteract the bias caused by the two-dimensional view. 
Thus the majority of the calculated compositions likely represent an approximation of the 
bulk compositions of these pseudomorphs.  
Similar analysis of the zircon-dominated eudialyte pseudomorphs in the Nechalacho 
deposit (Sheard et al., 2012) showed that they have a composition similar to that of 
unaltered eudialyte.  In contrast, none of the pseudomorphs (PSM) in the T Zone have 
bulk compositions that are consistent with that of the unaltered eudialyte reported by 
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Sheard et al. (2012) (Fig. 2.15, Appendix 2). For example, the bastnäsite-dominated 
pseudomorphs with a prismatic to rhombic habit (Type 1a)  (e.g., PSM 2 and 4, Fig. 2.14) 
exhibit significantly high REE concentrations that are an order of magnitude higher than 
that of the eudialyte (Fig. 2.15). The La and Ce concentrations in PSM 2 and 9 are almost 
five to ten times higher than those in the unaltered eudialyte while the Zr, Nb, Y, Na, Ca 
and Mn concentrations in PSM 1 and 9 are lower than in eudialyte. Moreover, most 
analyzed zircon-dominated pseudomorphs (PSM 5, 7, 8, 10 and 11) have calculated Zr 
concentrations between 12.7 and 23.6 wt% which are higher than the Zr concentration of 
eudialyte (7.94 wt. %, Sheard et al., 2012) but their total REE concentrations are much 
lower than that of eudialyte. In terms of Ti concentration, the analyzed rutile/anatase-
dominated pseudomorphs (Type 5) (e.g., PSM 12, 13 and 15 in Fig. 2.14) have 
morphology comparable to the unaltered eudialyte from the Nechalacho deposit but much 
higher bulk Ti concentrations.  
In addition, the pseudomorphs with comparable morphologies do not have a consistent 
bulk chemistry, which indicates that the precursors are unlikely to have been eudialyte or 
even HFSE-rich minerals. Even though the precursor minerals were HFSE-rich, there 
must have been significant addition or removal of different HFSE during the replacement 
of the precursor minerals. On the other hand, using the stoichiometric composition of 
eudialyte and the composition reported by Sheard et al. (2012) and assuming that HFSE 
is immobile, theoretical calculation shows that the volume of zircon and bastnäsite should 
be around 10 - 11 % and 4 - 6 % of the eudialyte, respectively. These volume percentage 
values are much lower than those of zircon and bastnäsite in the most measured 
pseudomorphs assuming that the area percentage is approximate to the volume 
percentage. 
We propose that the precursor mineral for the prismatic to rhombic pseudomorphs was 
likely aegirine and for the hexagonal to equant pseudomorphs was likely mica, rather 
than an HFSE-rich mineral such as eudialyte. The supporting evidence is as follows. 
Firstly, unaltered aegirine and pseudomorph Types 1a, 2 and 5 show comparable 
morphology, characterized by doubly-terminated prisms (Fig. 2.8, 2.9, 2.11a). Secondly, 
BSE imaging and EDS analysis shows that rutile, zircon, and bastnäsite occur as 
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secondary phases in partially altered aegirine (Fig. 2.8c, 2.16). Thirdly, the presence of 
phenakite, monazite, rutile and possible gadolinite-group minerals within partially altered 
biotite also indicates that the pseudomorphs with a hexagonal habit are likely mica-group 
minerals (Fig. 2.8d). Finally, bastnäsite-group minerals have been observed to replace 
biotite and polylithionite throughout the T Zone (e.g., Fig. 2.8h). In support of this 
conclusion, that HFSE-rich minerals can extensively replace non-HFSE silicates, Gagnon 
(2005) and Gagnon et al. (2005) reported arfvedsonite and aegirine at Strange Lake that 
were pseudomorphed by gittinsite and zircon (also see Fig. 7b of Linnen et al., 2014).  
The presence of abundant HFSE minerals in pseudomorphs after non HFSE-rich minerals 
(e.g., aegirine and biotite) leads further to the question of why the HFSE minerals were 
precipitated, and why they are commonly confined to the pseudomorphs. Considering the 
relatively low HFSE concentrations in aegirine and mica-group minerals compared to the 
bulk chemistry of some pseudomorphs, there must have been addition of HFSE into the 
pseudomorphs. Although the total REE concentrations in aegirine and arfvedsonite can 
be as high as ~ 2000 ppm and ~ 6000 ppm, respectively (Abdel-Rahman, 1994; Piilonen 
et al., 1998), those from the T Zone are considerably lower (Table 2-4). The total REE 
and Zr concentrations in the aegirine are generally below 100 ppm and 300 ppm, 
respectively. Arfvedsonite contains 720 - 2700 ppm Zr and up to 5196 ppm total REE. 
Although aegirine and arfvedsonite replacement was likely important for precipitation of 
zircon and other HFSE minerals in the T Zone, the much higher REE concentrations 
(ranging from 0.92 to 46.87 wt%) in the zircon- or bastnäsite-dominated pseudomorphs 
cannot be achieved simply by conserving REE within the pseudomorphs. Thus, these 
elements were added by hydrothermal fluids during fluid-mineral interaction. Also, in 
some of bastnäsite-dominated pseudomorphs, radiating bastnäsite crystals are rooted on 
the walls of the pseudomorphs and grow inwards, showing open space-filling features 
(see Fig. 2.8b). Such features may indicate that the generation of open space was 
important and favorable for the precipitation of HFSE minerals in the T Zone. Gagnon 
(2005) explained the replacement of aegirine by gittinsite + hematite + quartz at Strange 
Lake using the reaction:  
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2𝑁𝑎𝐹𝑒!!𝑆𝑖!𝑂!   𝑎𝑒𝑔𝑖𝑟𝑖𝑛𝑒 +   𝐶𝑎!! +   𝑍𝑟!! + 2𝐻!𝑂  ↔   𝐶𝑎𝑍𝑟𝑆𝑖!𝑂!   𝑔𝑖𝑡𝑡𝑖𝑛𝑠𝑖𝑡𝑒 + 2𝑆𝑖𝑂!   𝑞𝑢𝑎𝑟𝑡𝑧 + 𝐹𝑒!𝑂!   ℎ𝑒𝑚𝑎𝑡𝑖𝑡𝑒+   2𝑁𝑎! + 4𝐻!. 
In the T Zone, aegirine has been observed to be partially to completely replaced by quartz 
+ magnetite (and further replaced by hematite), with or without HFSE minerals.  
Modified versions of the above reaction for the T Zone are:  
3𝑁𝑎𝐹𝑒!!𝑆𝑖!𝑂!   𝑎𝑒𝑔𝑖𝑟𝑖𝑛𝑒 +   𝑎  𝑟𝑒𝑑𝑢𝑐𝑖𝑛𝑔  𝑓𝑙𝑢𝑖𝑑𝑠   1 2𝐶𝐻!  ↔   6𝑆𝑖𝑂!   𝑞𝑢𝑎𝑟𝑡𝑧 + 𝐹𝑒!𝑂!   ℎ𝑒𝑚𝑎𝑡𝑖𝑡𝑒 +   3𝑁𝑎! + 𝐻!𝑂 + 1 2𝐶𝑂!   
for the initial replacement of aegirine by magnetite and quartz,  
or 2𝑁𝑎𝐹𝑒!!𝑆𝑖!𝑂!   𝑎𝑒𝑔𝑖𝑟𝑖𝑛𝑒 +   2𝐻!↔   4𝑆𝑖𝑂!   𝑞𝑢𝑎𝑟𝑡𝑧 + 𝐹𝑒!𝑂!   ℎ𝑒𝑚𝑎𝑡𝑖𝑡𝑒 +   2𝑁𝑎! + 𝐻!𝑂 
for the overall replacement of aegirine by hematite and quartz in the more altered LIZ.  
Given that Na+, H2O and CO2 are present in fluids (Chapter 5) and have no contribution 
to the total volume of the products, the reactions can be considered as volume reducing 
reactions. Table 2-5 shows the relevant calculations and that such reactions can result in 
about 7% volume reduction. Considering that magnetite or hematite can dissolve in 
hydrothermal fluids, the calculated volume reduction may be minimum. Thus, the initial 
replacement of aegirine by quartz + magnetite likely resulted in a volume reduction, 
creating the space into which the HFSE minerals were precipitated. This may explain 
why the majority of HFSE minerals such as bastnäsite-group minerals and zircon are 
confined to the pseudomorphs and why the pseudomorphs with the same morphology 
have different mineralogy and inconsistent phase ratios. In addition, in the Quartz Core 
Zone, bastnäsite-group minerals, carbonates and fluorite are present as fillings in 
miarolitic cavities, which also indicate that the open space-filling has played an important 
role in the precipitation of REE minerals and hydrothermal fluids were transporting agent 
for REE.   
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Because the morphologies of xenotime-thorite-dominated and columbite-pyrochlore-
dominated pseudomorphs are not well defined, the precursors are difficult to identify. 
Thus, it is not clear whether there were any open space-filling processes involved in the 
precipitation of HFSE into these two pseudomorph types.  
2.7.3 Transport and Precipitation of HFSE  
It is now widely accepted that HFSE can be transported in hydrothermal fluids through 
complexation with a variety of possible ligands, including OH-, F-, Cl-, CO32- and SO42- 
(Rubin et al., 1993; Vard and Williams-Jones, 1993; Salvi and Williams-Jones, 1996, 
2005, 2006; Gammons et al., 1996, 2002; Moine et al., 1997, 1998; Moine and Salvi, 
1999; Salvi et al., 2000; Williams-Jones et al., 2000; Migdisov et al., 2009; Williams-
Jones et al., 2012). Among these, fluorine has most commonly been called upon in 
models for HFSE transport, most notably for REE and Zr, primarily due to the high 
stability constants for fluoride complexes (e.g., Wood, 1990; Haas et al., 1995; Migdisov 
et al., 2009) and the common occurrence of fluorine-bearing minerals, generally fluorite, 
in environments where the HFSE have been mobilized (Salvi and Williams-Jones, 1996, 
2005, 2006).  
A precipitation model for HFSE involving fluorite precipitation caused by mixing 
between an HFSE- and F-rich fluid and a Ca-rich external fluid has been proposed by a 
variety of authors (e.g., Salvi and Williams-Jones, 1996, 2005, 2006; Williams-Jones et 
al., 2000; Salvi et al., 2000; Sheard et al., 2012). Fluorite is a common mineral in the T 
Zone and in some cases is associated with HFSE-bearing minerals.  Nevertheless, in most 
cases, hydrothermal zircon is present in pseudomorphs in massive quartz, and these 
pseudomorphs are devoid of fluorite in the T Zone. Also, the rutile/anatase-dominated 
and monazite-dominated pseudomorphs (Fig. 2.11b, d) in massive quartz do not contain 
fluorite. This indicates that the fluorite-precipitation model cannot explain the 
precipitation of zircon, Ti-oxides and monazite in the T Zone. On the other hand, fluorite 
is common in the pseudomorphs that contain bastnäsite-group minerals. However, close 
scrutiny of these pseudomorphs reveals that fluorite generally postdates bastnäsite, such 
that the precipitation of REE minerals cannot have been triggered by the precipitation of 
fluorite, as this model requires that fluorite precipitates prior to or with the REE minerals.  
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Thus, in general, the Ca-F mixing model described above does not appear to be 
applicable to the precipitation of HFSE-minerals in the T Zone.  This is supported by the 
recent calculations of Williams-Jones et al. (2012) who proposed that only chloride 
complexes can mobilize significant REE, as at pH values where REE-fluoride complexes 
would be important, fluocerite precipitation would buffer F activities to low values. 
2.8 Conclusions 
The integration of detailed field mapping, petrographic observations and mineral 
chemical analysis using SEM-EDS and LA-ICP-MS, allow the following conclusions to 
be made: 
(1) The T Zone represents a pegmatite that has experienced strong hydrothermal 
overprints; the elongated crystals defining the pegmatitc texture are likely nepheline 
crystals. The T Zone underwent three main alteration stages in the order from earliest to 
latest: (I) silicification of the principal phases of the pegmatite and the associated 
replacement of igneous aegirine and arfvedsonite by quartz + magnetite + HFSE 
minerals; (II) polylithionite alteration (Li metasomatism) that caused pervasive 
replacement of albite by polylithionite; and (III) phenakite alteration (Be metasomatism). 
(2) Most HFSE minerals were hydrothermally formed and intimately related to 
replacement processes in the T Zone, as indicated by their presence in pseudomorphs. 
HFSE-rich and Be-rich pseudomorphs can be broadly classified into seven types. EDS 
and LA-ICP-MS analyses reveal that the bulk compositions of the HFSE-rich 
pseudomorphs with morphologies similar to eudialyte or elpidite are different from the 
composition of eudialyte or elpidite. Instead, aegirine and mica-group minerals are likely 
the precursors of the pseudomorphs. Considering that aegirine and mica-group minerals 
are not HFSE-rich, this indicates that HFSE were added to the pseudomorphs during 
fluid-mineral interaction. An open space-filling process may have been involved in the 
precipitation of HFSE minerals, including zircon, rutile, anatase and bastnäsite-group 
minerals. Initial replacement of aegirine by quartz + magnetite increased porosity in the T 
Zone rocks, which could have facilitated HFSE precipitation. 
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(3) Although a precipitation model for HFSE involving fluorite precipitation (Salvi 
and Williams-Jones 1996, 2005, 2006, Williams-Jones et al. 2000, Salvi et al., 2000) can 
be applied to some deposits (e.g, the Strange Lake REE deposit), our study has 
demonstrated that most hydrothermal zircon shows no association with fluorite and that 
the fluorite in REE-rich pseudomorphs commonly postdates the REE minerals (e.g, 
bastnäsite-group minerals). This observation indicates that HFSE precipitation in the T 
Zone requires a model that does not rely on the mixing of HFSE-F-bearing fluids with 
Ca-rich fluids. 
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Figure 2.1 Schematic geological map of the Blachford Lake Complex (after Davidson, 
1978, 1982). 
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Figure 2.2 Schematic geological map of the Thor Lake mineral deposits and the T Zone 
(Fig. 2.2a, after Davidson, 1982 and Sheard et al., 2012; Fig. 2.2b after Trueman et al., 
1984). 
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Figure 2.3 Geologic map of the outcrop in the North T Zone at Thor Lake.	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Figure 2.4 (a) and (b) Pegmatitic textures in the LIZ characterized by the mineral 
assemblage quartz + albite + magnetite + hematite. (c) More altered LIZ with relict 
pegmatitic textures. (d) Be-metasomatized LIZ with obscured pegmatitic textures. (e) 
Quartz-polylithionite (QP) unit that has been overprinted by Be metasomatism (or 
phenakite alteration). (f) Enlarged image of the red box in (e) showing that K-feldspar is 
interstitial to polylithionite in the QP unit. The hammer and card in the images are ~ 55 
cm and 10 cm in length, respectively. The coin is 2.5 cm in diameter. Phk = phenakite, 
Ply = polylithionite and Kfs = K-feldspar. 
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Figure 2.5 Photomicrographs of the LIZ with pegmatitic textures. (a) photomicrograph in 
plain-polarized light (PPL) and (b) photomicrograph in cross-polarized light (CPL) 
showing coarse grained bladed albite and the elongated phase that has a quartz-dominated 
central part and a dark rim consisting of quartz and small oriented pseudomorphs in Fig. 
4b. (c) Photomicrograph showing that the small oriented pseudomorphs are partially to 
completely altered aegirine. (d) Photomicrographs in PPL and (e) CPL showing aegirine 
partially replaced by magnetite (f) Photomicrograph in reflected light showing that 
magnetite in the altered aegirine has partially been replaced by hematite. Abbreviations: 
Ab = albite, Aeg = aegirine, Mag = magnetite, Hem = hematite, and Qtz = quartz. 
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Figure 2.6 Photomicrographs showing representative textures in the more altered LIZ. (a) 
aegirine partially to completely replaced by fine grained quartz and magnetite that was 
subsequently replaced by hematite. (b) anatase and zircon in pseudomorphs with similar 
morphology to aegirine. (c) polylithionite replacing partially to completely altered 
aegirine. (d) albite inclusions in polylithionite. Abbreviations: Ab = albite, Aeg = 
aegirine, Ant = anatase Mag = magnetite, Ply = polylithionite, Qtz = quartz and Zrn = 
zircon. 
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Figure 2.7 Photomicrographs showing representative textures in the quartz-polylithionite 
unit and phenakite zone. (a) arfvedsonite as a relict phase in the quartz-polylithionite unit. 
(b) radiating bastnasite-group minerals growing along coarse grained euhedral 
polylithionite crystals. (c) photomicrograph in plain-polarized light and (d) 
photomicrograph in cross-polarized light showing that polylithionite has been replaced by 
biotite and K-feldspar. (e) photomicrograph showing that K-feldspar grows into the 
cleavage of polylithionite. (f) phenakite replacing polylithionite. (g) and (h) an early 
mineral with a hexagonal to equant habit that has been replaced by fine-grained quartz 
and phenakite. 
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Figure 2.8 Images showing the mineralogy and morphology of bastnäsite-dominated 
pseudomorphs (Type1). (a) field photo showing bastnäsite-group mineral aggregates in 
pseudomorphs with a rhombic habit in massive quartz (the length of the image is ~ 5 cm). 
(b) photomicrograph in plain-polarized light showing that radiating bastnäsite-group 
minerals are rooted at the wall of the pseudomorph and grow inwards. (c) bastnäsite-
group minerals in a pseudomorph with a morphology that is identical to that of the altered 
aegirine. (d) parisite replacing bastnäsite and zircon rimming bastnäsite in a hexagonal 
pseudomorph. (e) BSE image of Fig. 8b. (f) and (g) BSE images of the bastnäsite-
dominated pseudomorphs with a hexagonal to equant  habit in Fig. 8d. (h) BSE image 
showing that bastnäsite exhibits the same morphology as polylithionite and that 
bastnäsite has partially been replaced by parisite. Abbreviations for minerals are the same 
as previous. 
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Figure 2.9 Photomicrographs and BSE images showing zircon-dominated pseudomorphs 
(Type 2). (a) and (b) zircon-dominated pseudomorphs with a rhombic habit enclosed by 
massive quartz in the quartz-bastnäsite unit. (c) a zircon-dominated pseudomorph with a 
rhombic habit that is associated with carbonates and fluorite in the quartz-bastnäsite unit. 
(d) a zircon-dominated pseudomorph showing a prismatic habit. (e) BSE image showing 
zoning and porous areas in zircon. (f) a rhombic pseudomorph that has anatase and zircon 
(xenotime is present in trace amounts and is interstitial to zircon and anatase). 
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Figure 2.10 Optical microscopic and BSE images showing Type 4 pseudomorphs. (a) 
Type 4 pseudomorphs exhibiting a radiating habit (b) fine-grained xenotime-thorite-
ferrithorite aggregates exhibiting radiating features. (c) image revealing that xenotime 
postdates thorite. (d) image showing migration of HFSE along fractures cross-cutting 
thorite and xenotime. (e) parisite and synchysite that cement xenotime, thorite and 
ferrithorite in Type 4 pseudomorphs. (f) fine- to medium-grained, subhedral bastnäsite-
group minerals (relatively bright phases on the image) and bastnäsite partially replaced 
by parisite. Abbreviations: Bst = bastnäsite, Prt = parisite, Syn = synchysite, and Thr = 
thorite. 
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Figure 2.11 Photomicrographs and BSE image showing (a) rutile-dominated 
pseudomorphs with a rhombic habit, (b) monazite-dominated pseudomorphs with a 
rhombic habit, and (c) irregular pseudomorphs characterized by columbite, pyrochlore, 
fluorite and magnetite. (d) BSE image for the yellow box in (b). BSE imaging shows that 
monazite is predominant over zircon in a single pseudomorph with a rhombic habit. 
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Figure 2.12a Illustration of the silicification of the LIZ with pegmatitic textures. See text 
for details. 
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Figure 2.12b Illustration of the hydrothermal evolution of the LIZ and the UIZ. See text 
for details. 
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Figure 2.13 Paragenetic sequence of the LIZ of the T Zone deposit. Solid line with an 
arrow represents confirmed replacement while dashed line with an arrow possible 
replacement. Bst = bastnäsite. See text for details. 	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Figure 2.14 Sketches of typical pseudomorphs that are defined by HFSE minerals in the 
T Zone. Abbreviations are same as previous figures. 
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Figure 2.15 Box-Whisker diagram showing the bulk chemistry of different pseudomorph 
types. Boxes with different colors represent the element concentration ranges for different 
pseudomorph types. Also, different pseudomorph types are denoted by different symbols. 
Red star represents the average composition of the eudialyte from the Nechalacho deposit 
at Thor Lake as determined by Sheard et al. (2012). 
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Figure 2.16 BSE images showing relict aegirine in the pseudomorphs with a rhombic 
habit (a) and relict biotite in the pseudomorphs with a hexagonal to equant morphology 
(b). In (a) rutile and zircon are present in the aegirine that has been partially replaced by 
hematite and quartz. In (b) phenakite, monazite, K-feldspar and gadolinite-group mineral 
(GGM) replace biotite. Abbreviations for minerals are the same as previous figures. 
Black trails are ink on the thin section for marking targeted minerals. 
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Table 2-1 Summary of different types of HFSE mineral/Be mineral-bearing pseudomorphs in the T Zone. 
Type Predominant Mineral Subtype Morphology Other Related Minerals Distribution 
1 bastnäsite-group minerals 
1a  
generally prismatic to 
rhombic and shows 
pinacoidal terminations in 
some cases 
fluorite and sulfides including pyrite, 
chalcopyrite, galena; in rare cases, 
phenakite is present in the pseudmorphs 
mainly distributed in the quartz-
bastnäsite and more altered LIZ 
1b hexagonal  to equant fluorite and sulfides; in some cases, zircon is also present 
mainly distributed in the quartz-
bastnäsite unit 
2 zircon   
generally prismatic to 
rhombic and shows 
pinacoidal terminations in 
rare cases 
in most cases, sulfides (mainly pyrite) are 
interstitial to zircon and hematite occurs as 
incluisons in porous zircon; in some cases, 
associated with fluorite and carbantes along 
with sulfides; in rare cases, columbite is 
present; in even rarer cases, phenakite is 
present 
mainly distributed in the quartz-
bastnäsite and more altered LIZ 
3 phenakite   generally hexagonal 
rims fine grained quartz in most cases; in 
rare cases, associated with fluorite, 
xenotime, monazite and gadolinite-group 
minerals 
mainly distributed in the phenakite 
zone; also present in the quartz-
polylithionite zone 
4 xenotime, thorite   
rounded aggregates 
comprising acicular 
individual minerals 
pseudomorphed by 
xenotime and thorite 
bastnäsite-group minerals (mainly parisite 
and synchysite) 
only observed in the quartz-
xenotime-thorite unit 
5 anatase and/or rutile   prismatic to rhombic 
hematite and zircon are commonly present 
in the pseudomorphs; xenotime, and 
columbite occur in some cases  
mainly distributed in the more 
altered LIZ 
6 monazite   prismatic to rhombic fine grained zircon 
rarely encountered in the T Zone; 
observed in the quartz-bastnäsite 
unit 
7 columbite + pyrochlore   irregular magnetite, fluorite only observed in the quartz-columbite-pyrochlore unit 
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Table 2-2 Summary of element concentrations in HFSE minerals in pseudomorphs of various types. 
HFSE minerals  Zrn (Type 1) Zrn (Type 2) Bst Prt Clb Ant Rt Xnt Mnz 
Nb 2.30 - 2.49 1.34 - 2.14 0.17 - 0.25   49.13 7.23 3.25 - 8.26     
Ta < 0.63 b.d. b.d.   1.11         
Zr 34.44 - 47.59 44.26 - 46.17 0.11 - 0.23   2.12   0.32 - 1.33     
Hf mostly b.d. b.d. b.d. b.d. b.d.         
Ti         b.d. 56.87 51.67 - 57.26 2.83   
Y 2.86 - 9.14     0.36 2.14     45.79   
ΣREE 0.54 - 6.10 1.54 - 4.04 53.97 - 56.7 45.04 9.31     2.74 60.18 
Na 0.2 - 0.46 0.31 - 0.43 0.22 - 0.28 0.12           
Ca 0.35 - 0.80 <0.32 0.2 - 0.42 5.25 0.19         
Al 0.22 - 0.74 0.23 - 0.6 ~ 0.1             
Fe         13.62         
F 0.37 - 0.52 0.25 - 0.97 6.43 - 6.97 4.62 1.99         
 
Note: Element concentrations are in wt. %; Zrn = zircon; Prt = parisite; Bst = bastnasite; Clb = columbite; Fl = fluorite; Ant = anatase; Rt = rutile; Xnt = 
xenotime; Py = pyrite; Mnz = monazite and Qtz = quartz; b.d. = below detection limits. 
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Table 2-3 Summary of mineralogy of typical pseudomorphs in the T Zone. 
Pseudomorph Type Zone Mineral Assemblages Zrn Bst Prt Qtz Fl Clb Ant Rt Xnt Mnz Py   
PSM1 1b UIZ Zrn + Prt + Bst + Qtz 1.5 73.4 11 14.1           
     
PSM 2 1a UIZ  Fl + Bst + Qtz   76.5   21.4 2.1              
PSM 3 1b UIZ  Fl + Bst + Qtz   86.9   10.6 2.5              
PSM 4 1a LIZ  Bst + Qtz   57.2   42.8                
PSM 5 2 UIZ  Zrn + Clb + Qtz 38.4     60.3   1.4       
     
PSM 6 2 UIZ  Zrn + Qtz 12.1     87.9                
PSM 7 2 UIZ  Zrn + Qtz 31.4     68.6                
PSM 8 2 UIZ  Zrn + Qtz 39.7     60.3                
PSM 9 1b UIZ  Zrn + Bst + Fl + Py + Qtz 15.1 43   38 0.8         
 3.2    
PSM 10 2 UIZ  Zrn + Qtz 49.8     50.2                
PSM 11 2 LIZ  Zrn + Qtz 28.2     71.8                
PSM 12 5 LIZ  Zrn + Ant + Xnt +Qtz 7.3     67.7     25   0.05 
     
PSM 13 2 LIZ  Zrn + Rt + Fl + Qtz 6.9     83.6 2.8     6.7   
     
PSM 14 5 LIZ  Rt + (Qtz+ Hem) 2.2     97.8           
     
PSM 15 5 LIZ  Rt + Qtz + Zrn 1.6     59.4       39        
PSM 16 6 LIZ  Zrn + Qtz + Mnz 1.3     72.4           
26.3    
PSM 17 7 LIZ  Clb + Qtz       47.2   52.8            
Note: Proportions of minerals (in vol. %) in individual pseudomorphs are based on the area ratios of mineral: pseudomorph. Software Image Pro Plus was used to 
calculate the area ratios in combination with photomicrographs and BSE images. Abbreviations for minerals are the same as in Table 2-2.
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Table 2-4 LA-ICP-MS analyses of aegirine and arfvedsonite from the T Zone. 
Mineral ID Note Li Na Mg Al P K Ca Ti Mn 
Aeg_1.1 core 562 95342 9508 1933 7 1833 23023 10066 16327 
Aeg_1.2 rim 641 96004 2817 2930 8 771 7937 1849 4149 
Aeg_1.3 rim 739 80384 5900 2494 8 1890 14967 3181 11607 
Aeg_1.4 rim 868 81601 2635 2899 9 769 3119 3572 2750 
Aeg_1.5 core 394 88261 1297 2905 15 767 2047 2308 1565 
Aeg_1.6 rim 954 91312 2745 3824 28 2129 2018 8030 1554 
Aeg_2.1 rim 3511 83843 1770 10460 17 10951 1229 2392 3078 
Aeg_2.2 rim 4194 79283 3303 12782 29 14153 7290 2823 4962 
Aeg_2.3 core 2417 87476 1503 9339 20 8518 1155 2882 3795 
Aeg_3.3 core 4126 69847 10667 10082 16 15606 606 2148 1904 
Aeg_3.4 rim 4195 69459 11448 10854 18 15550 627 2275 1925 
Aeg_4 no zoning 90 67899 550 1676 5 165 928 1513 884 
Aeg_5.5 core 506 85473 553 1629 3 1432 1701 321 2629 
Aeg_5.6 rim 1647 83189 1230 3925 7 4535 1598 1100 3005 
Aeg_5.7 rim 879 93668 743 3391 4 3336 949 2688 3844 
Aeg_6.1 rim 255 97773 295 1679 5 574 761 1290 1565 
Aeg_6.2 rim 1473 90285 747 3369 14 3354 1454 1722 3209 
Aeg_6.3 core 172 94477 772 1685 8 420 1294 8583 7305 
Aeg_7.1 rim 46 93088 502 1554 3 14 1228 1463 2229 
Aeg_7.2 core 34 98007 497 1430 4 b.d. 1301 1474 2251 
Aeg_7.3 rim 27 94900 548 1388 3 b.d. 1172 1472 1580 
Aeg_7.4 rim 61 79226 699 1561 3 142 1422 1557 3152 
Aeg_7.5 rim 40 102599 709 1543 5 b.d. 1492 2010 2739 
Aeg_7.6 core 31 94674 590 1311 6 b.d. 1400 1965 2585 
Aeg_8.1 rim 27 98378 508 1403 4 5 927 1125 1346 
Aeg_8.2 core 112 101844 2319 1616 8 95 6162 828 4832 
Aeg_8.3 rim 195 79432 2079 1580 4 267 1119 1700 1442 
Aeg_8.4 core 75 83611 680 1372 3 94 1150 1534 2107 
Aeg_8.5 rim 56 71479 1203 1309 14 85 1531 1170 2094 
Aeg_8.6 rim 101 56034 489 1267 5 331 1090 2290 1837 
Aeg_9.1 core 45 93183 569 1610 5 5 852 950 1090 
Aeg_9.2 rim 314 80666 1315 1535 10 446 1022 1811 3543 
Aeg_10.1 core 31 96527 683 1572 5 6 1327 1639 1818 
Aeg_10.2 rim 39 97770 419 1427 b.d. 9 1067 1590 2966 
Aeg_10.3 core 38 105717 633 1688 b.d. b.d. 1152 2678 3802 
Aeg_10.4 core 86 94299 1042 1424 15 173 1840 2232 5597 
Aeg_11.1 rim 133 74410 861 1844 4 565 1047 1375 1268 
Aeg_11.2 core 85 78931 583 1654 1 66 1157 2083 2400 
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Mineral ID Note Li Na Mg Al P K Ca Ti Mn 
Aeg_11.3 core 394 84541 2349 1688 13 1604 1362 2040 3539 
Aeg_12.1 core 196 96411 2764 1484 17 351 921 1320 3095 
Aeg_12.2 rim 79 92702 514 1354 4 33 756 2033 4592 
Aeg_12.3 core 377 81911 1080 1844 8 527 1064 2819 5127 
Aeg_12.4 core 310 84921 1520 1539 50 168 1028 1515 2553 
Aeg_13.1 core 55 81149 574 1445 2 24 1006 1292 1435 
Aeg_13.2 rim 110 63484 860 1479 3 158 928 1516 1972 
Arf_1.1 no zoning 6472 45705 12703 9362 6 9469 14585 1392 40201 
Arf_1.2 no zoning 6121 49386 11378 9114 b.d. 9025 10428 1631 38730 
Arf_2 no zoning 5805 57535 8830 4696 6 6889 15323 1682 19308 
Arf_3 no zoning 6920 59068 13604 5604 9 8705 b.d. 8294 19025 
Arf_5 no zoning 6817 65030 21557 7676 22 9233 b.d. 4979 31521 
Arf_6 no zoning 6582 54511 16156 5719 21 7030 b.d. 1961 13251 
Arf_7 no zoning 5742 47148 9621 4153 6 8570 2202 1766 10906 
Arf_8.1 no zoning 7468 50026 18586 7865 8 15082 13670 2646 14154 
Arf_8.2 no zoning 7029 48730 16981 6790 5 11896 11099 2409 17455 
Arf_9 no zoning 6778 54330 13972 4995 2 8943 2029 2105 13296 
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cont. 
Mineral 
ID Fe Y Zr Nb Sn La Ce Pr Nd Sm Eu Gd 
Aeg_1.1 148988 57.8 508.6 2136.1 671.6 24.8 74.7 2.7 10.5 28 0.7 7.3 
Aeg_1.2 129960 21.6 557.2 104.6 370.7 5.7 7.2 0.7 3.2 0.6 0.1 1.1 
Aeg_1.3 137400 52.8 636 247 315.9 7.6 16.9 1.7 6.4 1.5 0.4 2.4 
Aeg_1.4 118074 64.8 676.1 673.4 333.8 39.9 70.1 7.4 29.2 3.7 0.6 5.7 
Aeg_1.5 112808 54 839.2 312.4 296.7 19.1 43.3 2.9 17.4 2 0.3 2.8 
Aeg_1.6 149033 182 1430 1518.2 496.8 3.3 7.9 1.3 3.6 2.4 0.2 5.1 
Aeg_2.1 117970 1.2 88.6 72.1 111.3 0.1 0.4 b.d. b.d. b.d. b.d. b.d. 
Aeg_2.2 118821 8.9 153.9 76.1 181.5 1.1 3 0.4 2 0.8 0.1 0.7 
Aeg_2.3 121163 0.5 168.8 42.5 314.9 0.1 0.2 b.d. b.d. b.d. b.d. b.d. 
Aeg_3.3 94545 0.4 241.8 48.1 189.8 0.2 0.6 0.1 0.2 b.d. b.d. 0.2 
Aeg_3.4 101315 0.4 245.4 47.7 186.6 0.2 0.6 0.1 0.2 b.d. b.d. 0.2 
Aeg_4 163786 9.6 139.1 161.2 114.1 4.4 10.9 1.2 4.5 0.3 0.1 0.8 
Aeg_5.5 115686 3.2 13.5 205.9 10.3 0.9 1.6 0.2 0.9 0.2 0.1 0.3 
Aeg_5.6 127960 3.8 46.8 225.4 27.6 2.3 4.1 0.5 2.1 0.8 0.1 0.6 
Aeg_5.7 127356 6.7 187.1 435.6 42.8 1.5 3.9 0.5 2.3 0.6 0.1 1.0 
Aeg_6.1 124313 0.8 56.2 25.3 49.8 0.1 0.2 b.d. 0.1 b.d. b.d. b.d. 
Aeg_6.2 174288 13 99.9 303.6 71.9 3.9 7.1 0.9 3.1 1.3 0.3 1.9 
Aeg_6.3 157450 48.8 296.7 939.4 82.6 2.3 5.2 0.8 3.1 0.9 0.2 3.0 
Aeg_7.1 132178 1.6 64 22.2 52.5 0.5 0.8 0.1 0.3 0.1 b.d. 0.3 
Aeg_7.2 128694 0.2 65 2.9 57.4 0.1 0.1 b.d. 0.2 b.d. b.d. b.d. 
Aeg_7.3 123752 0.2 79.9 6.5 117.5 0.1 0.1 b.d. b.d. b.d. b.d. b.d. 
Aeg_7.4 122405 4.5 112.1 24.1 144.2 0.8 1.5 0.2 0.5 0.4 b.d. 0.3 
Aeg_7.5 137704 0.2 128.3 4.6 171.7 b.d. 0.3 b.d. 0.1 b.d. b.d. b.d. 
Aeg_7.6 122345 0.2 161.8 4.3 184.9 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Aeg_8.1 119567 0.3 29 7.7 43.3 0.1 0.1 b.d. 0.1 b.d. b.d. 0.1 
Aeg_8.2 127011 10.1 37.8 21.4 52.2 2.6 5.4 0.6 1.4 0.5 0.1 0.6 
Aeg_8.3 131307 4.2 50.9 160.1 69.9 1.3 2.4 0.2 1.2 b.d. b.d. 0.6 
Aeg_8.4 107168 1.1 63.1 22.2 32.6 0.2 0.5 b.d. 0.2 0.1 b.d. b.d. 
Aeg_8.5 112481 4 64.3 137.5 67.1 1.9 2.7 0.2 2.1 b.d. 0.1 0.3 
Aeg_8.6 92809 8.7 134.3 181.5 17.6 1.7 3.9 0.5 1.3 0.8 0.1 0.7 
Aeg_9.1 131230 1.4 48.3 11.9 64.6 0.3 0.4 b.d. 0.5 b.d. b.d. 0.1 
Aeg_9.2 150797 11.9 90.7 159.7 165.9 2.9 6.1 0.7 2.5 0.8 0.1 1.3 
Aeg_10.1 144400 1.9 51.7 42.6 65.1 1.2 2.5 0.3 1 0.1 b.d. 0.2 
Aeg_10.2 139200 3 68.5 13.1 72.1 0.4 0.6 0.1 0.5 0.1 b.d. 0.2 
Aeg_10.3 134167 0.4 347.4 516 165.5 0.1 0.4 b.d. 0.2 b.d. b.d. b.d. 
Aeg_10.4 140388 8.1 380.7 53.1 532.2 1.9 3.9 0.4 1.8 0.3 0.1 0.9 
Aeg_11.1 118271 3.8 44.7 32 88 0.6 1.7 0.2 0.8 0.1 b.d. 0.2 
Aeg_11.2 126204 3.9 134.7 135.6 168.4 0.6 1 0.1 0.4 0.1 0.1 0.1 
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Mineral 
ID Fe Y Zr Nb Sn La Ce Pr Nd Sm Eu Gd 
Aeg_11.3 123720 6 152.6 90.2 118.1 1.2 1.5 0.3 1.5 0.4 b.d. 0.1 
Aeg_12.1 126434 5.3 78.5 64.1 50.5 0.9 1.8 0.2 0.9 0.2 0.1 0.4 
Aeg_12.2 121058 3.8 147.5 33.7 57.5 0.6 0.8 0.1 0.4 0.6 b.d. 0.3 
Aeg_12.3 157797 23.1 375.6 147.3 264.6 3.8 8.6 1 3.7 1.2 0.1 1.2 
Aeg_12.4 115893 137.4 610.3 569.4 144.5 3.8 15.9 2.4 13.8 8.6 1.1 15.6 
Aeg_13.1 128619 3.3 58 18.4 53.4 0.7 1.6 0.2 0.7 0.2 b.d. 0.3 
Aeg_13.2 124006 16.5 201.1 45.6 214.9 0.9 1.8 0.2 1 0.2 0.1 2.7 
Arf_1.1 90742 14 2323 895.3 673.1 4.4 15.2 2 11.1 4.5 0.7 3.7 
Arf_1.2 106105 19.8 2756.2 1106.3 685.4 2.8 11.1 1.9 12.8 6.8 0.7 5.9 
Arf_2 90220 30 1068.3 409.8 1034.8 8.2 20.5 8.9 19.6 3.8 0.4 3.4 
Arf_3 108991 b.d. 683 512 1208 122 354 b.d. 217.5 b.d. b.d. b.d. 
Arf_5 157368 822.2 930.7 578 783.2 794.2 1942.3 297.6 1597.3 272.4 31.4 180.5 
Arf_6 99421 36.7 744.7 460.5 446.3 212.6 371 45.3 313.6 36.5 4.1 26.6 
Arf_7 85089 1.2 998 428.2 181.2 0.6 2.6 0.4 2.7 1.3 0.2 0.7 
Arf_8.1 166665 10.1 1075.6 837.6 295.5 3.8 11.7 1.7 7.1 3.5 0.7 3.8 
Arf_8.2 127635 25.4 1481.9 556.3 322.8 4 13.8 1.9 11.9 6.9 1.1 9.5 
Arf_9 102481 9.3 3166.7 428.5 296.2 1.8 5.2 0.8 5.1 2.8 0.6 4.6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  84 
cont. 
Mineral 
ID Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th 
Total 
REE 
Aeg_1.1 0.6 4.2 0.7 1.6 0.2 2.8 0.7 18.7 54.9 12 28.3 159.4 
Aeg_1.2 0.2 1.0 0.3 0.6 0.1 1.4 0.4 27.5 3.3 2.7 4.5 22.6 
Aeg_1.3 0.5 2.6 0.6 1.6 0.2 1.7 0.5 18.7 3.5 9.9 13.1 44.6 
Aeg_1.4 0.7 2.3 0.7 0.7 0.2 3.8 0.9 26.6 11 7.3 26.2 165.9 
Aeg_1.5 0.4 2.5 0.8 2.1 0.2 3.6 1.0 40.2 5.3 4 12.5 98.5 
Aeg_1.6 1.1 7.9 2.5 4.8 0.7 6.5 1.3 51.2 27.5 7.5 19.6 48.8 
Aeg_2.1 b.d. b.d. b.d. 0.2 b.d. 0.1 b.d. 2.9 0.2 0.3 0.7 0.9 
Aeg_2.2 0.2 0.5 0.1 0.6 b.d. 0.3 0.1 7.4 0.9 0.8 3.5 9.8 
Aeg_2.3 b.d. b.d. b.d. b.d. b.d. 0.4 b.d. 6.6 0.2 0.3 0.3 0.8 
Aeg_3.3 b.d. b.d. b.d. b.d. b.d. 0.1 b.d. 8 0.3 0.3 0.1 1.5 
Aeg_3.4 b.d. b.d. b.d. b.d. b.d. 0.1 b.d. 7.8 0.3 0.3 0.1 1.4 
Aeg_4 0.2 1.1 0.2 0.3 0.1 0.5 0.1 6.4 1.9 14.3 4.9 24.6 
Aeg_5.5 0.0 0.3 0.1 0.2 b.d. 0.3 0.1 0.4 1 3.2 0.5 5.2 
Aeg_5.6 0.1 0.3 0.1 0.3 b.d. 1.1 0.1 1.6 0.7 4.7 0.8 12.6 
Aeg_5.7 0.2 1.1 0.1 0.3 b.d. 0.3 0.1 5.8 6.2 3.5 3.6 11.9 
Aeg_6.1 b.d. 0.3 b.d. b.d. b.d. b.d. b.d. 3.2 0.1 0.8 0.1 0.8 
Aeg_6.2 0.4 1.7 0.2 0.2 0.1 0.2 0.2 3.9 2.6 11.7 6.9 21.4 
Aeg_6.3 0.6 3.4 0.6 0.9 0.1 1.2 0.5 16 11.9 6.5 3.1 22.8 
Aeg_7.1 b.d. 0.1 b.d. 0.1 b.d. 0.1 0.1 2.8 0.1 1 0.9 2.3 
Aeg_7.2 b.d. 0.1 b.d. 0.1 b.d. b.d. b.d. 3.6 b.d. 0.2 b.d. 0.6 
Aeg_7.3 b.d. 0.1 b.d. 0.3 b.d. b.d. b.d. 5.1 0.1 0.1 b.d. 0.6 
Aeg_7.4 0.1 0.3 0.1 0.2 b.d. 0.4 0.1 8 0.1 3 0.5 4.9 
Aeg_7.5 b.d. b.d. b.d. 0.2 b.d. 0.4 b.d. 9.4 0.1 0.1 0.1 1 
Aeg_7.6 b.d. b.d. b.d. b.d. 0.1 0.1 b.d. 10.2 0.1 0.1 b.d. 0.2 
Aeg_8.1 b.d. b.d. b.d. b.d. b.d. 0.1 b.d. 0.7 0.1 0.5 0.1 0.5 
Aeg_8.2 0.1 0.8 0.1 b.d. b.d. 0.3 0.1 1.6 0.1 2.1 1.2 12.5 
Aeg_8.3 0.1 0.7 0.1 b.d. b.d. b.d. b.d. 2.8 1.1 4 2.7 6.7 
Aeg_8.4 b.d. 0.1 b.d. b.d. b.d. 0.2 b.d. 2.9 0.2 3.3 0.6 1.4 
Aeg_8.5 b.d. 0.1 0.1 b.d. b.d. 0.3 b.d. 2.5 0.5 3.3 2.5 7.9 
Aeg_8.6 0.1 0.9 0.2 0.3 0.1 1.2 0.4 3.7 2 5.5 1.8 12 
Aeg_9.1 b.d. 0.1 b.d. 0.1 b.d. 0.2 b.d. 3 0.1 1.2 0.1 1.9 
Aeg_9.2 0.3 1.8 0.3 0.5 0.1 0.4 0.1 5.3 2.6 12.8 5.2 17.8 
Aeg_10.1 b.d. 0.1 b.d. 0.1 b.d. 0.1 b.d. 3.2 0.6 2.3 2.9 5.7 
Aeg_10.2 b.d. 0.2 b.d. 0.2 b.d. 0.1 b.d. 3.4 0.1 1.2 0.5 2.6 
Aeg_10.3 b.d. b.d. b.d. 0.1 b.d. b.d. b.d. 21.4 10.5 0.4 0.2 0.8 
Aeg_11.1 b.d. 0.4 0.1 0.0 0.1 0.4 b.d. 4.2 0.2 4.3 0.6 4.7 
Aeg_11.2 0.1 0.4 0.1 0.2 b.d. 0.3 b.d. 9.5 0.9 3.8 4.2 3.6 
Aeg_11.3 0.1 0.4 0.1 0.1 b.d. 0.4 0.1 10.5 0.5 1.5 0.3 6.3 
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Mineral 
ID Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th 
Total 
REE 
Aeg_12.1 0.1 0.5 0.1 0.2 b.d. 0.2 0.1 3.2 0.7 3.9 8.2 5.6 
Aeg_12.2 b.d. 0.5 b.d. 0.2 b.d. 0.3 b.d. 6.3 4.2 1.8 1.2 3.9 
Aeg_12.3 0.4 1.4 0.3 0.6 b.d. 0.8 0.3 21.8 3.7 17 16 23.2 
Aeg_12.4 2.9 19.8 3.2 4.5 0.6 5.3 1.0 26.6 6 9.2 54.2 98.3 
Aeg_13.1 b.d. 0.2 0.1 0.1 b.d. 0.2 b.d. 2.9 0.2 3.6 0.8 4.4 
Aeg_13.2 0.2 1.2 0.2 0.8 0.1 0.6 0.1 21.9 0.7 7.5 1.7 10.2 
Arf_1.1 0.4 1.6 0.2 0.4 0.1 1.3 0.3 64.5 27.5 0.7 1.1 46 
Arf_1.2 0.6 2.0 0.3 0.7 0.1 1.2 0.5 71.1 27.3 1.1 1.3 47.5 
Arf_2 0.4 1.5 0.1 0.2 b.d. 0.2 0.1 38.8 5 0.4 0.1 67.1 
Arf_3 b.d. b.d. b.d. b.d. b.d. b.d. 0.6 19.4 3.7 5.4 14.2 694 
Arf_5 11.5 40.0 4.9 8.4 0.9 12.0 2.3 27 4.3 3.8 40.6 5195.7 
Arf_6 1.2 3.0 0.4 1.0 b.d. 1.2 0.4 23.1 1.6 6.3 97.8 1017 
Arf_7 0.1 0.1 0.1 0.1 0.1 0.6 0.3 27.2 3.2 1.5 b.d. 9.8 
Arf_8.1 0.4 2.2 0.3 0.4 0.1 0.6 0.5 33.8 5.9 1.8 0.9 36.7 
Arf_8.2 1.0 3.6 0.5 1.0 0.2 2.5 0.8 37.5 4.1 2.9 5.2 58.7 
Arf_9 0.5 1.8 0.2 0.5 0.1 1.6 0.6 93.8 5.1 0.9 0.9 26.1 
Note: Element concentrations are in ppm; b.d. = below detection limit. 
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Table 2-5(a) Theoretical Calculation demonstrating the volume change caused by the 
reaction [2NaFe3+Si2O6 (aegirine) + 2H+ ↔ 4SiO2 (quartz) + Fe2O3 (hematite) + H2O + 
2Na+].  
Mineral  Formula  Molar Mass (g/mol)  
Stoichiometric 
Number  
Density 
(g/cm3)  
Volume 
(cm3)  
Hematite  Fe2O3  160 1 5.255 30.45 
Quartz  SiO2  60 4 2.66 90.23 
ProductTOTEL    400     120.67 
Aegirine  NaFeSi2O6  231 2 3.576 129.19 
 
 
Table 2-5(b) Theoretical Calculation demonstrating the volume change caused by the 
reaction [3NaFe3+Si2O6 (aegirine) + a reducing fluid (½ CH4) ↔ 6SiO2 (quartz) + Fe3O4 
(magnetite) + H2O + 3Na+ (aqueous) + ½ CO₂ (aq)].  
Mineral  Formula  Molar Mass (g/mol)  
Stoichiometric 
Number  
Density 
(g/cm3)  
Volume 
(cm3)  
Magnetite Fe3O4 231.5 1 5.15 44.95 
Quartz  SiO2  60 6 2.66 135.34 
ProductTOTEL    591.5     180.29 
Aegirine  NaFeSi2O6  231 3 3.576 193.79 
Note: Theoretical density values are from websites www.mindat.org and www.webmineral.com. 
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Chapter 3  
Remobilization and Precipitation of HFSE in the T Zone, Thor 
Lake Rare-Element Deposit, Northwest Territories: Insight 
from Mass Transfer Calculations 
 
3.1 Introduction 
High field strength elements (HFSE) are those elements (including Nb, Ta, Zr, Hf, Ti, Y, 
and the lanthanides) that are characterized by high ionic charge to radius ratios and have 
been considered to be immobile in many geological processes (e.g., Rollinson, 1993). 
The HFSE normally stay in melts during magmatic fractionation rather than partition into 
rock-forming minerals (Rollinson, 1993). In alkaline igneous complexes (e.g., the 
Ilimaussaq alkaline suite, Greenland, and Strange Lake, Canada) HFSE mineralization is 
represented by magmatic minerals such as eudialyte ((Na15Ca6(Fe2+,Mn2+)3 
Zr3[Si25O73](O,OH,H2O)3(OH,Cl)2) and elpidite (Na2ZrSi6O15·3(H2O)), indicating that 
HFSE mineralization is formed through magmatic processes (Sørensen, 1992, 1997, 
2001; Salvi and Williams-Jones, 2005). However, there is increasing evidence that HFSE 
are mobile and become enriched during hydrothermal alteration in alkaline magmatic-
hydrothermal systems (see Salvi and Williams-Jones, 2005 for a review). For instance, in 
the Strange Lake REE deposit, petrographic evidence clearly shows that there was 
addition of zirconium and REE to the altered peralkaline granite (Salvi et al., 2006). 
Although extensive petrological and mineralogical studies have been carried out on 
alkaline rocks, the degree of mobility of HFSE in alkaline magmatic-hydrothermal 
systems is not well constrained, and consequently the genesis of HFSE mineralization in 
alkaline granitoids that have seen abundant water-rock interaction, is still open to debate.  
The Thor Lake rare-element (Y-REE-Nb-Ta-Zr-Be) deposit, located about 100 
kilometers southeast of Yellowknife, Northwest Territories, Canada, is hosted by 
alkaline-peralkaline granite and syenite and is regarded as one of the largest HFSE 
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deposits in the world (Trueman et al., 1984, 1988; Pederson et al., 2007; Sheard et al., 
2012). The T Zone deposit, which is one of the mineralized zones, was originally a 
pegmatite but shows a strong hydrothermal overprint (Chapter 2). Bastnäsite-group 
minerals, zircon, xenotime and thorite account for most of the HFSE mineralization in the 
T Zone (Trueman et al., 1984; de St jorre, 1986; Chapter 2). As was demonstrated in 
Chapter 2, the majority of the HFSE minerals in the T Zone are present in pseudomorphs 
with different morphologies, which indicates that the HFSE mineralization was 
associated with a hydrothermal overprint on the pegmatite. Thus, the T Zone provides an 
excellent opportunity to investigate HFSE mobility under hydrothermal conditions. 
Several alteration events have been identified through field and petrographic observation 
(Chapter 2), and it is clear that the HFSE were remobilized under sub-solidus conditions. 
It is, however, unclear to what extent HFSE were added or lost during the various events.  
Whole-rock geochemical techniques have been widely applied in mineral deposit studies 
to evaluate mass transfer and element mobility, as well as to characterize compositional 
gradients that provide vectors towards mineralization (e.g., Warren et al., 2007). Isocon 
analysis is a technique that uses whole-rock geochemical data to identify immobile and 
mobile elements and calculate mass transfer as a result of hydrothermal alteration (Grant, 
1986, 2005; Whitbread and Moore, 2004). Once immobile elements are identified, or a 
constant volume assumption can be justified, the addition or loss of other major and trace 
elements can be calculated (Grant, 2005). Although Isocon analysis is a powerful 
geochemical approach, mineralogical change in unaltered and altered rocks must be 
carefully investigated to help make appropriate choice and avoid arbitrary selection of 
immobile elements (Whitbread and Moore, 2004).  
In this study, the relationship between HFSE mobility and alteration patterns is 
investigated using whole-rock geochemical data, field mapping, and detailed 
petrographic analysis. The Isocon method is employed to examine the mobility of HFSE 
during hydrothermal alteration in the T Zone and associated host rocks. Also, the 
precipitation of HFSE minerals is discussed for further understanding the geochemical 
characteristics of the mineralizing fluids in the T Zone. 
3.2 Geologic Background 
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The Thor Lake rare-element deposit is hosted by an assemblage of alkaline and 
peralkaline syenite and granite situated at the southern margin of the Slave Province of 
the Canadian Shield (Hoffman et al., 1977; Davidson, 1978, 1982; Trueman et al., 1984, 
1988; de St jorre, 1986; Sinclair et al., 1992; Pinckston and Smith, 1995; Sheard et al., 
2012; Fig. 3.1). The host rocks of the Thor Lake rare-element deposit, including the 
Grace Lake Granite, Thor Lake Syenite and Thor Lake-Nechalacho Layered Alkaline 
Complex (Sheard et al., 2012), belong to the Blachford Lake Igneous complex that is 
interpreted to have formed in a continental rifting environment (Hoffman et al., 1977; 
Davidson, 1978, 1982). Uranium-Pb zircon ages for the Thor Lake Syenite and Grace 
Lake Granite are 2094 ± 10 Ma and 2176.2 ± 1.3 Ma, respectively (Sinclair et al., 1994; 
Taylor and Pollard, 1996).  
The Thor Lake rare-element deposit consists of two major mineralized zones, namely the 
Nechalacho deposit and the T Zone deposit. The Nechalacho deposit is the larger of the 
two, and is hosted by a series of nepheline-, aegirine-, and sodalite-bearing syenites 
(Pederson et al., 2007; Sheard et al., 2012). This series of syenites has been named the 
Thor Lake-Nechalacho Layered Alkaline Complex and is interpreted to represent a 
layered alkaline igneous complex (Sheard et al., 2012). According to Sheard et al. (2012), 
this sub-horizontally layered alkaline suite consists of aegirine nepheline syenite, sodalite 
syenite, lujavrite and a probable eudialyte cumulate in which the postulated eudialyte has 
been pseudomorphed by zircon, fergusonite-(Y), bastnäsite-group minerals, allanite-(Ce), 
albite, quartz, biotite, fluorite, kutnohorite, and hematite.   
The smaller T Zone deposit is mostly hosted by the Thor Lake Syenite, but extends 
northwestwards approximately one hundred meters into the Grace Lake Granite, and 
varies in width from several meters to about 250 meters (de St jorre, 1986).  Apart from 
their quartz content, the Grace Lake granite and Thor Lake syenite show similarity in 
their mineralogy, texture and whole-rock composition (Pederson et al, 2007). The 
mineralogy of the Thor Lake syenite and Grace Lake granite is characterized by quartz, 
alkali feldspar, aegirine and arfvedsonite (Trueman et al., 1984). In the vicinity of the T 
Zone, the granite is pinkish to dark colored and altered to various extents. In the 
relatively altered granite, fine-grained biotite and chlorite have replaced alkali feldspar 
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and all the original arfvedsonite and aegirine (Chapter 2).  Accessary minerals, including 
magnetite, hematite, ilmenite and rutile, are present as secondary minerals, along with 
biotite and chlorite, in areas where the original mafic minerals (aegirine and arfvedsonite) 
have been altered. In drill core, the granite has, in places, been extensively replaced by 
fluorite or quartz (silicified) (Chapter 2). Granite with fluorite alteration is characterized 
by purple fluorite (up to about 15-20 vol.%) replacing chlorite and biotite that are 
interstitial to quartz and alkali feldspar.  Silicified granite can contain up to 30-50 vol. % 
quartz.  Silicification has obscured the granitic textures and massive quartz has replaced 
the minerals noted above, including fluorite. The various alteration types have 
gradational contacts and the alteration sequence is biotite-chlorite alteration → fluorite 
alteration → silicification (Chapter 2). 
The T Zone comprises two spatially separate sub-zones: the sub-circular North T Zone 
and the irregularly shaped South T Zone, each of which is lithologically zoned. The 
lithological zones comprise, from rim to core, a Wall Zone, Upper Intermediate Zone 
(UIZ), Lower Intermediate Zone (LIZ) and Quartz Core Zone,(Trueman et al., 1984, 
1988; de St jorre, 1986; Pederson et al., 2007).  Detailed geological and lithological 
descriptions of the T Zone can be found in Chapter 2.  Pegmatitic textures are well 
preserved in the North T Zone outcrop, indicating that the T Zone was originally a 
pegmatite that has seen a strong hydrothermal overprint.  
3.3 Textural and Mineralogical Characteristics of the T Zone 
At surface, close to the contact with the Wall Zone (Fig. 3.2), the LIZ of the North T 
Zone exhibits distinct pegmatitic textures but has been variably altered (Fig. 3.3c, d, e, 
and f).  The least altered LIZ comprises elongate crystals (up to 70 cm in length) and 
interstitial pink bladed albite. The individual elongated crystals (possibly originally 
nepheline?; Chapter 2) have been pseudomorphed, predominantly by massive coarse-
grained quartz.  Most of these pseudomorphs have a dark rim that contains many small 
oriented pseudomorphs that contain aegirine, magnetite, hematite, and rare arfvedsonite 
and rutile (Chapter 2). The aegirine and arfvedsonite have been replaced by massive 
quartz, magnetite and HFSE minerals such as rutile and zircon. The magnetite in the 
small oriented pseudomorphs has been partially replaced by hematite. The small 
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pseudomorphs in the dark rims are generally oriented and parallel to the long axis of the 
large pseudomorphs (Chapter 2).  
The LIZ in the central part of the exposed North T Zone outcrop exhibits a similar 
pegmatitic texture, but has been subjected to more intense alteration such that the 
pegmatitic textures are less distinct (Fig. 3.3d).  The mineralogy of this more altered part 
of the LIZ is similar to the less-altered LIZ in direct contact with the Wall Zone, and 
comprises massive quartz and aegirine that has been replaced by quartz, magnetite (that 
has further altered to hematite) and HFSE minerals; less albite and more aegirine are 
present in the more altered LIZ (Chapter 2).  Albite is partially replaced by massive 
quartz. The aegirine in the more-altered LIZ is coarser grained than in the less-altered 
LIZ and commonly replaced by magnetite (further replaced by hematite), Ti-oxides 
(anatase and rutile), and rarely zircon, columbite, xenotime and bastnäsite. In the more 
altered LIZ, hematite predominates over magnetite, which is the opposite of the least 
altered LIZ.   
The UIZ is represented by a quartz-polylithionite (QP) unit that is in direct contact with 
the more altered LIZ. The LIZ and UIZ have a sharp contact that is defined by a 
polylithionite-rich zone (Fig. 3.3g), indicating that the UIZ was formed later than the 
LIZ, with the former intruding into the latter (Chapter 2). The QP unit is a highly 
siliceous and heterogeneous rock dominated by massive quartz and coarse-grained 
polylithionite with lesser K-feldspar that occurs as radiating crystals in massive quartz, or 
interstitially to polylithionite crystals (Fig. 3.3g). Rutile and bastnäsite-group minerals are 
the common HFSE minerals in the QP unit and occur interstitially to, or mantle, 
polylithionite crystals. In the parts of the LIZ in proximity to the QP unit, polylithionite 
has replaced albite and altered aegirine (Fig. 3.3e). Albite occurs as inclusions in the 
polylithionite (Chapter 2). Moreover, the grain size and content of polylithionite decrease 
from the contact to the interior of the LIZ. These field observations demonstrate that the 
polylithionite alteration of the LIZ was related to the emplacement of the QP unit. 
Both the LIZ and QP unit show a strong phenakite overprint (i.e., Be metasomatism) 
(Fig. 3.3f, h; Chapter 2). Phenakite is present in altered aegirine in the LIZ and replaces 
polylithionite in both the LIZ and QP unit, which indicates that phenakite was formed 
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later than the LIZ and QP unit. In some parts of the LIZ and QP unit, the phenakite 
overprint is so strong that the original textures have been obscured (e.g., Fig. 3.3f). The 
phenakite-rich part in both the LIZ and QP unit was termed the quartz – feldspar – mica – 
magnetite ± phenakite subzone by Trueman et al. (1984), but is referred to as the 
Phenakite Zone in this study (Chapter 2). The predominant minerals in the Phenakite 
Zone are quartz and phenakite (phenakite and quartz take up 70-90% volume of the 
rock).  In the LIZ and QP unit with phenakite overprint and the Phenakite Zone, 
phenakite occurs in pseudomorphs with a hexagonal to equant habit. Apart from 
phenakite, fine-grained quartz is also present in the pseudomorphs, whereas quartz 
outside of the pseudomorphs is massive and coarse grained (Chapter 2). The precursor 
mineral for such pseudomorphs is interpreted to be biotite or polylithionite (Chapter 2). 
In some cases, fluorite is present in the phenakite-dominated pseudomorphs. 
Two highly siliceous rock units, the quartz-bastnäsite unit and quartz-xenotime-thorite 
unit, account for most of the HFSE mineralization in the T Zone and were formed 
hydrothermally (Trueman et al., 1984; de St jorre, 1986; Chapter 2). The quartz-
bastnäsite unit is not exposed, and occurs in the quartz core at a depth of ca. 20 m. It is 
dominated by massive quartz, fluorite and bastnäsite-group minerals (including 
bastnäsite, parisite and synchysite) with lesser amounts of zircon, rutile, anatase, calcite, 
siderite and ankerite, and rare columbite and monazite. The bastnäsite-group minerals 
and zircon mostly define pseudomorphs in massive quartz, but can also occur 
disseminated through coarse-grained quartz. Phenakite is rarely observed in this unit, but 
where it occurs it postdates bastnäsite-group minerals. The quartz–xenotime-thorite unit 
(Trueman et al., 1984) is dominated by massive quartz, fine-grained xenotime and thorite, 
with bastnäsite-group minerals and fluorite in minor amounts. The bastnäsite-group 
minerals enclose xenotime and thorite in aggregates with rounded and radiating habit and 
fill fractures in the massive quartz. 
The above textures and field relationships have been interpreted to represent three main 
alteration stages that affected the T Zone (Chapter 2).  From earliest to latest, these are: 
Stage I - initial silicification along with replacement of aegirine by iron- and titanium-
oxides, Stage II - polylithionite alteration (i.e., lithium metasomatism), and Stage III - 
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phenakite alteration (i.e., beryllium-metasomatism). The quartz-bastnäsite and quartz-
xenotime-thorite units (which represent the major REE precipitation stage) likely formed 
between alteration stages II and III (Chapter 2).  
In order to assess mass transfer during the various alteration stages, representative 
samples of the T Zone and host granite have been collected and their whole rock 
chemistry determined. Progressive alteration of the granite is assessed by comparing 
examples of biotite-chlorite alteration, fluorite alteration and silicification to the 
chemistry of the original granite and the earlier alteration stages. Progressive alteration of 
the T Zone is assessed by comparing the least altered LIZ (Fig. 3.3c) to the more altered 
equivalent (Fig. 3.3d), the LIZ with polylithionite alteration (Fig. 3.3e), and the latter 
with phenakite alteration (Fig. 3.3f).  
3.4 Analytical Methods 
Whole-rock geochemistry was obtained on surface and core samples of typical alteration 
types from the host granite and the T Zone.  Samples were pulverized and analyzed by 
ALS Canada Ltd., Vancouver, BC. Lithium borate fusion was performed before acid 
dissolution and whole-rock analysis. Major elements were analyzed using ICP-AES with 
an analytical range of 0.01 - 100 wt. % (ALS analytical package code ME-ICP06). Iron 
was calculated as Fe2O3. Trace elements were analyzed using ICP-MS (ALS analytical 
package code ME-MS81d) for all samples. For mineralized rocks with high REE (LREE 
> 10,000 ppm and HREE > 1000 ppm), Zr (>1,000 ppm) and Nb (> 1,000 ppm) 
concentrations, HFSE in those samples were analyzed using ICP-MS and certified high-
grade REE reference materials were used for standardization (ALS analytical package 
code ME-MS81H).  Lithium and beryllium were analyzed using four-acid digestion and 
ICP-MS (ALS analytical package code ME-MS 61) for the samples with low Li (< 
10,000 ppm) and Be (< 1,000 ppm) concentrations. For samples with high Li (> 10,000 
ppm) and Be (> 1000 ppm) concentrations, assay methods using specialized 4-acid 
digestion and ICP analyses using sodium peroxide fusion were used to determine Li and 
Be, respectively (ALS analytical package code Li-OG63for Li and ME-ICP85 for Be). 
The Isocon method proposed by Grant (2005) and the software EASYGRESGRANT 
(Lopéz-Moro et al., 2012) were used for mass transfer calculations.    
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Rock samples that were selected for whole-rock geochemical analysis were cleaned, 
dried and weighed in air and their volume was measured in water using a measuring 
cylinder. Rock densities were then calculated to provide these data for mass transfer 
calculation. To minimize the error caused by the heterogeneity of the rocks, three pieces 
from different parts of a single hand specimen (used for geochemical analysis later) were 
measured and the average density was used for mass transfer calculations. 
3.5 Results 
The geochemical data are provided in Table 3-1 and summarized in Table 3-2. 
3.5.1 Host Granite 
The fresh granite and granite with various types of alteration exhibit different major and 
trace element characteristics. All analyzed samples from the relatively fresh granite show 
consistent major element concentrations. Granite with biotite-chlorite alteration shows 
comparable Al2O3 concentrations to the fresh granite, but has lower SiO2, and higher 
Fe2O3 and MgO concentrations. Granite with biotite-chlorite alteration has variable CaO, 
Na2O and K2O concentrations and Na2O and K2O largely exhibit a negative correlation. 
In addition, granite with biotite-chlorite alteration generally has slightly lower total alkali 
[Na2O + K2O] concentrations, but a higher Na2O/K2O ratio (except one sample showing 
Na2O/K2O = 0.11) than the relatively fresh granite (Table 3-2). Granite with fluorite 
alteration largely exhibits low SiO2, Al2O3 and Na2O, and high Fe2O3, MgO and CaO 
concentrations relative to the granite with biotite-chlorite alteration. The Na2O/K2O ratio 
of the granite with fluorite alteration is generally lower than that of the granite with 
biotite-chlorite alteration. Among all the analyzed granites the silicified granite, not 
surprisingly, has the highest SiO2, and lowest Al2O3, Fe2O3, MgO, and alkali contents 
(Table 3-2). 
All analyzed samples from the relatively fresh granite show more consistent Zr, Hf, Nb 
and Ta concentrations than the altered granites. The Zr/Hf and Nb/Ta ratios of the 
relatively fresh granite are close to chondritic Zr/Hf (36) and Nb/Ta (17.6) values (Sun 
and McDonough, 1989). Granite with biotite-chlorite alteration has slightly higher Zr, Hf, 
Nb, Ta, Zr/Hf and Nb/Ta ratios than the relatively fresh granite (Fig. 3.4a, b). Granite 
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with fluorite alteration has higher Nb and Ta and generally lower Zr and Hf 
concentrations than the other granites (Fig. 3.4a). The majority of the samples from the 
granite with fluorite alteration have higher Nb/Ta ratios than the granite with biotite-
chlorite alteration and some samples have significantly higher Zr/Hf ratios (Fig. 3.4b). 
The silicified granite has the lowest Zr, Hf, Nb and Ta concentrations, but relatively high 
Zr/Hf and Nb/Ta ratios (Fig. 3.4a, b). 
Chondrite-normalized REE patterns of the host granite and T Zone units are provided in 
Figure 3.5. All the analyzed granite samples have LREE-enriched patterns with (La/Yb)N 
> 1 and pronounced negative Eu anomalies. The various types of granite have similar 
ranges of REE and Y concentrations and (La/Yb)N ratios, although the two highest REE 
concentrations are from fluorite-altered granite samples, which also have high (La/Yb)N 
ratios (Fig. 3.6a).  Fresh granite generally has stronger negative Eu anomalies than the 
other granite types, which have similar ranges of Eu/Eu* (Table 3-2; Fig. 3.6c).  Granite 
with fluorite alteration generally shows the strongest fractionation between LREE and 
MREE (Fig. 3.6b).  The exception is sample 2011-T-27, which was collected from the 
relatively fresh granite and has the highest (La/Sm)N ratio of any of the granite samples. 
It also contains much higher total REE (4277 ppm) and Y (235 ppm) concentrations and 
has a relatively high (La/Yb)N ratio (53.9) (Table 3-1). These characteristics of sample 
2011-T-27, which has similar major element characteristics to the other fresh granite 
samples, likely reflect the presence of REE minerals such as bastnäsite (see Discussion).  
The Y/Ho ratios of the relatively fresh granite are consistent, with an average of 38.7, 
which is close to the chondritic Y/Ho ratio (38, Sun and McDonough, 1989), whereas 
most of the altered samples have lower ratios (<32) (Fig. 3.6d).  
Fresh granite has distinctly lower Li contents (7.4 to 23.5) than the altered granites (21.3 
up to 7640 ppm).  The various types of altered granite have overlapping Li concentration 
ranges, although the highest values are in the fluorite-altered granites (Table 3-2).   In 
contrast, the altered granites generally have lower Be contents than the fresh granites, 
although there is significant overlap in the concentration ranges for Be among the 
different types.  The exception is a fluorite-altered sample, which has a Be concentration 
of 1,500 ppm. 
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3.5.2 T Zone 
The T Zone units show significant differences in their major element characteristics. 
Lithium and Be concentrations in some of the T Zone units are high enough to be 
considered major elements. The Phenakite Zone generally contains the highest SiO2 
(79.4-92.1 wt.%) and the QP unit the lowest SiO2 (61-67.5 wt.%) (Table 3-2), excluding 
the Quartz Core Zone that is composed of mainly coarse-grained quartz.  The least 
altered LIZ has an overall higher SiO2 content than the more altered LIZ or the Wall 
Zone. The polylithionite-altered LIZ and phenakite-altered LIZ and QP unit show similar, 
albeit variable, ranges of SiO2. The Wall Zone contains the highest Al2O3 content of any 
unit, followed by the QP unit. The least-altered LIZ generally has a higher Al2O3 content 
than the various types of altered LIZ. The latter, however, generally has higher Fe2O3 
contents than the least-altered LIZ and the other T Zone units, of which, the most altered 
LIZ has the highest Fe2O3 content and the Wall Zone has the lowest. The Wall Zone and 
Phenakite Zone contain lower MgO contents than the other T Zone units, which have 
similar ranges to one another.  Calcium (CaO) contents of the wall zone, least altered LIZ 
and LIZ with polylithionite alteration are uniformly low.  The CaO contents of the other 
units are highly variable, and can be high, particularly where they have been altered by 
phenakite. The Wall Zone and least-altered LIZ contain significantly higher Na2O 
contents than the rest of the T Zone units, of which, the former has the higher Na2O 
content. The QP unit shows the highest K2O content whereas the Phenakite Zone the 
lowest K2O content. Not surprisingly, the QP unit contains the highest Li concentrations 
(1.8-3.1 wt. %) and the LIZ with polylithionite alteration generally has the second highest 
Li concentrations (2,340-21,000 ppm). The Wall Zone, least altered LIZ and Phenakite 
Zone have lower Li concentration (< 160 ppm). The phenakite-altered LIZ and QP unit 
and the Phenakite Zone have significantly higher Be than the other T Zone units, of 
which, the Phenakite Zone contains the highest Be concentration (1.9-4.1 wt. %) (Table 
3-2). 
The least altered LIZ, LIZ with various types of alteration, the QP unit and QP unit with 
phenakite alteration have comparable Nb (ca. 600-1385 ppm) and Ta (ca. 4-13 ppm) 
concentrations (Fig. 3.4c). The Wall Zone and Phenakite Zone contain significantly lower 
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Nb and Ta concentrations than the other T Zone units (Fig. 3.4c), with one exception 
from the Phenakite Zone, which contains very high Nb and Ta concentrations. The latter 
is likely because HFSE minerals such as columbite and rutile are locally preserved in the 
Phenakite Zone. It should be noted that the Phenakite Zone is the alteration product of 
either the LIZ or QP unit, such that the protolith could have had a range of HFSE 
contents and that the original HFSE minerals can still be present. The LIZ with various 
types of alteration in general contains higher Zr and Hf than the other T Zone units, of 
which, the more altered LIZ shows the highest Zr. Figure 3.4d shows Nb/Ta and Zr/Hf 
ratios in the various T Zone units. Most of the T Zone units have Nb/Ta and Zr/Hf ratios 
that are significantly higher than the chondritic values. The exception is one of the least 
altered LIZ samples that has a Zr/Hf ratio that is lower than the chondritic value (Fig. 
3.4d). In contrast, the more altered LIZ has the highest Zr/Hf ratio but the lowest Nb/Ta 
ratio. The T Zone rock units with phenakite alteration mostly have high Zr/Hf ratios, 
whereas those with polylithionite alteration mostly have relatively low Zr/Hf ratios. 
Moreover, the QP unit and QP unit with phenakite alteration generally show higher 
Nb/Ta ratios than the LIZ with various types of alteration.   
All of the T Zone units, except the Phenakite Zone, generally have chondrite-normalized 
REE patterns with a negative slope and obvious negative Eu anomalies (Fig. 3.5b-e). In 
contrast, patterns for both the QP unit with phenakite alteration and the Phenakite Zone 
show enrichment in MREE and some have no Eu anomaly. The ratios (Ce/Yb)N and 
(Ce/Sm)N, rather than (La/Yb)N and (La/Sm)N, are used to examine the extent of LREE-
HREE fractionation and LREE-MREE fractionation as the La concentrations of most 
Phenakite Zone samples were below detection. The Wall Zone generally shows the 
strongest fractionation between LREE and HREE, whereas the Phenakite Zone (except 
sample 2011-T-23) generally shows the weakest fractionation between LREE and HREE 
(Fig. 3.6e). The least altered LIZ generally shows stronger fractionation between LREE 
and MREE than the LIZ with various types of alteration, QP unit and Wall Zone (Fig. 
3.6f).  
The more altered LIZ with polylithionite alteration, QP unit and Phenakite Zone 
generally exhibit Y/Ho ratios that are higher than the chondritic value (Sun and 
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McDonough, 1989), of which, the Phenakite Zone has the highest Y/Ho ratio (Fig. 3.6h). 
The former three units show comparable Y/Ho ratios. The rest of the T Zone units show 
subchondritic Y/Ho ratios. The more altered LIZ with phenakite alteration has an Y/Ho 
ratio that is almost equal to that of the least altered LIZ and more altered LIZ (Fig. 3.6h).  
Gallium concentrations are highest in the Wall Zone (up to 557 ppm) and in the least 
altered LIZ (434-592 ppm), reflecting high concentrations of Ga in albite, which can 
contain over 1000 ppm Ga (de St jorre et al., 1986). In comparison, the other T Zone 
units show significantly lower Ga (< 200 ppm). 
3.6 Discussion 
3.6.1 Isocon Analysis  
Because the mobility of HFSE during various types of alteration is the focus of this study, 
mass transfer calculations were conducted to evaluate gain and loss of HFSE and other 
elements during individual alteration events. Isocon analysis is one of the most useful 
methods for evaluating mass transfer during alteration and the key aspect of Isocon 
analysis is to select representative samples and reasonable immobile elements.  
3.6.1.1 Selection of representative samples 
In order to monitor loss or gain of elements during different alteration events that affected 
both the T Zone and its host granites, samples that can best represent the unmodified rock 
compositions before different alteration events need to be chosen. Table 3-3 summarizes 
the sequence of alteration events and unaltered and altered equivalents that represent 
those events and which are compared below.  
T Zone 
The samples of least-altered LIZ are geochemically similar, and the same is true of the 
more-altered LIZ samples. Thus, the average compositions of these two units are used for 
mass transfer calculations.  
Samples from the more altered LIZ with polylithionite alteration show significant 
variations in the concentrations of Al, K, Ti, Li, Rb, Cs and REE, but have narrow ranges 
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for Zr, Hf, Nb and Ta concentrations (Table 3-1). The compositional variation can be 
likely due to heterogeneity of mineral abundances. On trace element binary plots (Fig. 
3.7), Li shows a positive linear correlation with Al, K, Ti, Rb and Cs, but a negative 
linear correlation with Si and REE in all analyzed samples from both the LIZ with 
polylithionite alteration and the QP unit. As polylithionite (KLi2AlSi4O10(F,OH)2) is the 
predominant Li mineral in these two units (Chapter 2) and can contain high Rb (ca. 3900 
ppm) and Cs ( ca. 32 ppm) (Černý and Trueman, 1985), the positive linear correlation 
between Al, K, Rb, Cs and Li (Fig. 7b, c, e and f) shows that the concentration of these 
elements is largely controlled by the abundance of this mineral. Therefore, the 
compositional variation is likely caused by heterogeneity of mineral abundances. 
It should be noted that the positive correlation between Li and Ti cannot be attributed to 
Ti in polylithionite alone, even though Černý and Trueman (1985) report up to 1.09 wt% 
TiO2 in the polylithionite from the T Zone. This is because: (1) rutile is more Ti-rich than 
polylithionite and occurs as accessory phases in the LIZ with polylithionite alteration and 
in the QP unit; (2) Ti concentrations in the polylithionite are not high enough to explain 
whole-rock TiO2 concentrations of approximately >1.1 wt. %. If Ti is only controlled by 
polylithionite in the LIZ with polylithionite alteration and in the QP unit, the whole-rock 
TiO2 concentration can be calculated using the whole-rock Li concentration, given that Li 
is predominantly controlled by polylithionite and if the molar Li/Ti ratio of polylithionite 
is known. In this case, the molar Li/Ti ratio of polylithionite from the T Zone is ca. 34, 
according to Černý and Trueman (1985). However, the calculated TiO2 concentrations 
are lower than the TiO2 concentrations of the actual rocks. For example, sample 692481 
shows the highest Li concentration (3.06 wt%) among all samples and this Li content 
results in a calculated TiO2 value of 1.026 wt. %, which is lower than the actual TiO2 
concentration of this sample (1.12 wt. %). For samples with lower Li concentration, but 
higher TiO2, the contribution of rutile to the whole-rock TiO2 is more significant. Rather, 
the positive linear correlation between Li and Ti implies that the Ti-bearing phases, 
predominantly rutile, are intimately related to polylithionite. Therefore, the positive linear 
correlation between Ti and Li also indicates that heterogeneity of mineral abundances is 
the reason for compositional variation. The more altered LIZ with polylithionite 
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alteration shows a higher TiO2/Li ratio than the QP unit (Fig. 7d), indicating that the 
rutile/polylithionite modal ratios are higher in this unit than the QP unit. 
Samples 692488 and IS-11-04 from the LIZ with polylithionite alteration, contain 
significantly higher LREE than the other samples (Fig. 7h). The reason for this is likely 
due to the local presence of bastnäsite-group minerals. Textural relationships indicate that 
hydrothermal overprint of bastnäsite-group minerals postdated polylithionite alteration in 
the T Zone (Chapter 2), such that samples 692488 and IS-11-04 are not representative of 
the unmodified rock composition prior to phenakite alteration.  Thus, in order to 
minimize the effect caused by heterogeneity of mineral abundances and late 
hydrothermal overprint, the average composition of samples 2011-T-17, 2011-T-18 and 
692487 has been used to represent the unmodified composition prior to phenakite 
alteration. 
Host Granite 
Among all the analyzed samples from the relatively fresh granite, sample 2011-T-1 best 
represents the unaltered granite for the following reasons. Firstly, all samples from the 
relatively fresh granite show almost identical major element, Zr, Hf, Nb and Ta 
concentrations, which are also consistent with previous whole-rock geochemical studies 
(Davidson, 1981; Trueman et al., 1984). Secondly, samples 2011-T-2 and 2011-T-28 
both have higher (>350 ppm) Be concentrations, than the other two samples (2011-T-1 
and 2011-T-27) and the values reported by Davidson (1981) and Trueman et al. (1984). 
The high Be concentration in these two samples are likely caused by the late phenakite 
alteration, which was pervasive in the T Zone and could have affected the granites in the 
vicinity of the T Zone. According to Trueman et al. (1984), secondary phenakite is 
locally present in the granite around the T Zone. Thirdly, sample 2011-T-27 has 
approximately 3-5 times higher REE and Y than the other three samples and the values of 
Davidson (1981) and Trueman et al. (1984), which can be explained by the local presence 
of secondary LREE-rich minerals such as monazite and/or bastnäsite (Davidson, 1978; 
Trueman et al., 1984).  
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For the granites with biotite-chlorite and with fluorite alteration, the rocks are texturally 
homogeneous but altered to different extents. It is difficult to identify the samples that are 
the most representative for the unmodified compositions prior to fluorite alteration or 
silicification, that is, after biotite-chlorite alteration. Thus, the average compositions of 
the granite with biotite-chlorite alteration and that of the granite with fluorite alteration 
are used.  
3.6.1.2 Selection of immobile elements 
In order to eliminate the arbitrary selection of immobile elements for different alteration 
events, component ratio diagrams can be used to help identify the possible immobile 
elements (Lopéz-Moro et al., 2012). High field strength elements, including Zr, Hf, Nb, 
Ta, Ti and REE, are commonly used as immobile elements for mass transfer calculations.  
However, given the nature of the Thor Lake mineralization, the (im)mobility of HFSE 
has to be carefully examined using component ratio diagrams such as those proposed by 
Lopéz-Moro et al. (2012). According to Lopéz-Moro et al. (2012), given that Zr-Hf, Nb-
Ta and Y-Ho are common geochemical twins, if these HFSE are immobile during 
alteration, the Zr/Hf, Nb/Ta and Y/Ho ratios of unaltered and altered rocks should 
theoretically plot on 1:1 line on a component ratio diagram.  
For the LIZ, during alteration stage I (silicification along with replacement of aegirine by 
iron oxides), Y and Ho were not decoupled, Nb and Ta were only slightly decoupled, and 
Zr and Hf were strongly decoupled (Fig. 3.8a). Mass transfer calculations based on an 
Isocon defined by Y and Ho result in a calculated 42% volume loss during the 
progressive alteration from the least altered LIZ into the more altered LIZ.  However, 
given that the least altered LIZ and the more altered LIZ are texturally very similar and 
that there are few fractures, faults or veins in these rocks, a significant volume loss is not 
reasonable. In addition, Si is well below the Isocon defined by Y and Ho on Figure 3.9, 
which would indicate a 47% Si loss.  This is not consistent with the fact that quartz is a 
replacement mineral and is the most abundant mineral in both the least altered and more 
altered LIZ and is not replaced by other minerals. Therefore, although Y/Ho ratios plot on 
the 1:1 line, Y and Ho were remobilized together.  During alteration stage II 
(polylithionite alteration), Zr-Hf and Y-Ho showed strong decoupling while Nb and Ta 
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were only slightly decoupled (Fig. 3.8b). The Nb-Ta Isocon is far below the constant-
volume Isocon (Fig. 3.10) and mass transfer calculations based on the Nb-Ta Isocon thus 
would result in significant volume increase (up to ca. 80 %). Such volume increase is also 
not consistent with the textural similarity between the unaltered and altered rocks. 
Therefore, Nb and Ta cannot be used to define a reasonable Isocon when evaluating 
element mobility during polylithionite alteration. Both the LIZ and QP unit experienced 
phenakite alteration (alteration stage III), and during this event all geochemical twins 
were decoupled to various extents (Fig. 3.8c, d). According to the component ratio 
diagrams, Zr, Hf, Y and Ho all show obvious mobility during the alteration of the T Zone 
so these elements cannot be used as immobile elements to define Isocons.  
For the host granite, SiO2/Al2O3 ratios plot on the 1:1 line but Zr/Hf, Nb/Ta and Y/Ho 
ratios are off the 1:1 line for the biotite-chlorite alteration (Fig. 3.8e), indicating that Si 
and Al may have stayed constant and that Zr-Hf, Nb-Ta and Y-Ho were decoupled. 
During fluorite alteration of the granite, Y and Ho showed no decoupling and may have 
stayed immobile whereas Zr, Hf, Nb and Ta were decoupled to various extents (Fig. 
3.8f). Nevertheless, mass transfer calculations based on the Isocon defined by Y and Ho 
result in up to 464 % volume increase that is not practical given the textural similarity 
between the unaltered and altered granite. During silicification of the granite, Zr-Hf and 
Nb-Ta showed no obvious decoupling as Zr-Hf and Nb-Ta ratios almost plot on the 1:1 
line (Fig. 3.8g). However, mass transfer calculations based on the Isocons defined by Zr 
and Hf and by Nb and Ta result in up to 241 % and 872 % volume increase, respectively. 
Therefore, although Zr-Hf and Nb-Ta were not decoupled, Zr, Hf, Nb and Ta were 
certainly remobilized. 
As the HFSE do not appear to have behaved conservatively and cannot be used to define 
Isocons, the alternative is to assume either constant volume or constant mass during 
alteration. The constant volume assumption is supported by textural evidence: (1) textural 
similarity between the unaltered (of less altered) and altered rocks; (2) no significant 
fractures or faults; and (3) insignificant open space-filling.  Thus, the volume change that 
the rocks experienced during alteration was likely minimal. For biotite-chlorite alteration 
of the granite, the gain/loss patterns for HFSE based on immobile element Isocons and 
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constant-volume Isocons are comparable (Fig. 3.11), which suggests that the constant-
volume assumption is reasonable. Thus, a constant-volume Isocon was used for mass 
transfer calculations.  
As pointed out by several authors (e.g., Lopéz-Moro et al., 2012), arbitrary scaling would 
cause bias on curve fitting and selecting immobile elements. Thus, below, we use split 
diagrams to show Isocons at different scales instead of showing all elements on a single 
diagram. Figures 3.12 to 3.16 show the calculated changes in element mass (given in 
relative gain/loss ΔCi/CiO) caused by the various types of alteration in the T Zone and the 
host granite. The relative gain/loss (ΔCi/CiO) is defined by (MA/MO)(CiA/CiO) -1, where 
MA and MO stand for the mass after alteration and mass before alteration, CiA and CiO 
represent the concentration of element i in the altered rock and unaltered rock, 
respectively (Grant, 2005). The numerical results of the mass transfer calculations are 
also given in Appendix 3. 
3.6.2 Mobility of HFSE during Alteration 
3.6.2.1 Alteration of the T Zone 
During alteration stage I, the least altered LIZ was altered to the more altered LIZ. Mass 
transfer calculations using the constant-volume Isocon show that, during the alteration, 
significant Al, Na, K, Ga and LREE (La - Nd) were removed, whereas Fe, Mg, Ca, Ti, 
Nb, Ta, Zr, Hf, MREE and HREE were added to the rock (Fig. 3.12). This result is 
consistent with the mineralogical change from the least altered LIZ to the more altered 
LIZ, as magnetite, hematite, rutile and zircon that are present in pseudomorphed aegirine 
are more abundant and albite, which controls Al, Na, K and Ga, has been replaced by 
quartz (Chapter 2). Nevertheless, it should be noted that the more altered LIZ apparently 
contains more aegirine than the least altered LIZ. If the aegirine in both units is igneous, 
the higher abundance of aegirine may have resulted from fractionation. If that was the 
case, the addition of Fe shown by the mass transfer calculation was not caused by 
hydrothermal alteration but by igneous processes because aegirine controls the bulk Fe in 
the LIZ.  Natural zircon is an excellent container for Nb, Fe, HREE, U, Th and Y (Hoskin 
et al., 2003). Laser Ablation-ICP-MS analysis shows that there is up to ca. 2 wt. % Nb in 
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the hydrothermal zircon from the T Zone (Chapter 4). Therefore, the addition of zircon 
into the LIZ may account for the addition of Nb. The loss in Ga can be explained by the 
decreased abundance of albite, the predominant Ga-rich mineral in the T Zone (de St 
jorre, 1986). Silica remained unchanged during the alteration of the least altered LIZ to 
the more altered LIZ. There is also addition of Li and Be into the LIZ, though no Li or 
Be-rich phases have been observed in thin sections of the more altered LIZ. 
During polylithionite alteration of the LIZ, addition of Li, Al, K, Cs and Rb into the more 
altered LIZ was accompanied by removal of Fe, Ca, Ti, Be, Nb, Ta, Zr, Hf, Th, U and 
HREE (Fig. 3.13 a-e). Addition of Li, Al, K, Cs and Rb is consistent with the occurrence 
of abundant polylithionite. Sodium shows different behavior in different samples. The 
consistent loss in Ti, Zr, Hf, Nb, Ta, Th, U and HREE indicates that HFSE minerals 
including rutile, zircon and columbite broke down during fluid-mineral interaction at this 
alteration stage. Two samples (692488 and IS-11-04) from the more altered LIZ with 
polylithionite alteration show obvious gains in LREE (Fig. 3.13d, e). The possible reason 
is that these two samples contain bastnäsite-group minerals precipitated after 
polylithionite alteration. 
For the phenakite alteration stage (stage III), the LIZ and QP unit generally share similar 
element gain/loss patterns. Calcium, Sr, Be and Th were consistently gained while Na, K, 
Li, Cs, Rb and Ti removed (Fig. 3.14 and Fig. 3.15). Silicon mostly stayed constant 
during the phenakite alteration. The replacement of polylithionite by phenakite can 
explain the gain in Be and loss in Na, K, Li, Cs and Rb. According to Černý and Trueman 
(1985), polylithionite at Thor Lake contains up to 1.1 wt. % TiO2, therefore the 
breakdown of polylithionite can also account for the removal of Ti. The significant 
addition of Ca and Sr is likely related to the addition of fluorite that is sometimes 
associated with phenakite in pseudomorphs. Samples from the LIZ and QP show 
inconsistent gain/loss patterns for Nb, Ta, Zr and Hf (Fig. 3.14 and Fig. 3.15). In the LIZ, 
rutile and columbite control the bulk Nb and Ta and zircon control Zr and Hf. Therefore, 
the inconsistent gain/loss patterns for Nb, Ta, Zr and Hf is likely due to heterogeneity in 
the abundance of HFSE minerals. This may suggest that the phenakite alteration unlikely 
had obvious influence on mobilization of Nb, Ta, Zr and Hf. 
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The LREE and MREE at a minimum remained constant or were added in small amounts, 
whereas the HREE were added during the phenakite alteration of the LIZ (Fig. 3.14). In 
contrast, the gain/loss pattern of REE for the QP unit during phenakite alteration is 
complicated. Mass transfer calculations of three samples (2011-T-22, 2011-T-25 and 
2011-T-30) from the phenakite-altered QP unit indicate that LREE and HREE were 
added to the QP unit during phenakite alteration. However, mass transfer calculations of 
the other two QP unit samples (692479 and 692482) indicate that REE were removed. 
Again, this variability in gain/loss patterns of REE is due to heterogeneity of mineral 
abundances in the QP unit. The following evidence supports this conclusion. Firstly, 
these two samples have much higher SiO2 (74.8-83.6 wt. %) but lower REE 
concentrations than the other samples from the QP unit (Table 3-1). Secondly, the 
gain/loss diagrams for most phenakite-altered samples (from both the LIZ and QP unit) 
show no obvious addition of Si, which indicates that the phenakite alteration must have 
not affected the gain/loss of Si (Fig. 3.14 and Fig. 3.15). Nevertheless, the gain/loss 
diagrams for samples 692479 and 692482 do show obvious gain in Si. This suggests that 
the high SiO2 contents of these two samples affect the mass transfer calculations and 
subsequently the gain/loss patterns for REE.   
In summary, HFSE were obviously added or removed during the three main alteration 
stages of the T Zone. The magnitudes of gain/loss of HFSE are summarized in Table 3-4. 
During alteration stage I, Ti, Nb, Ta, Zr and Hf increased by ~ 1300 %, ~ 15 %, ~ 40 %, 
~ 800 % and ~ 250 %, respectively, and up to 70 % HREE were added. During alteration 
stage II, there was no addition of HFSE but substantial amounts of these elements were 
removed from the rocks; up to 47 % Ti, 25 - 44 % Nb, 40 - 49 % Ta, 43-74 % Zr, 37 % 
Hf, 60 - 91% MREE and HREE (Gd-Lu) and up to 64 % Y. During the phenakite 
alteration in stage III, mobilization of Nb, Ta, Zr and Hf were not affected, but there was 
obvious addition of HREE (Er-Lu); up to 860 % Er, 1320 % Tm, 820% Yb, and 570 % 
Lu was gained. 
3.6.2.2 Alteration of Granite 
The relatively high Be concentrations in some of the relatively fresh granite (samples 
2011-T-2 and 2011-T-28) around the T Zone is in contrast to the Be concentrations (< 40 
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ppm) reported by Davidson (1982) and Trueman et al. (1984). According to Burt (1982), 
the average concentration required for beryl crystallization from a granitic melt is 180 
ppm, a value that is exceeded in two samples from the relatively fresh granite, which 
have concentrations over 400 ppm. To date, neither beryl nor Be phosphates have been 
reported from the Grace Lake Granite or Thor Lake Syenite (Davidson, 1982; Trueman et 
al., 1984, 1988; de St jorre, 1986), indicating that these two samples from the relatively 
fresh granite samples have been affected by Be metasomatism. 
During biotite-chlorite alteration of the granite, Si and Al were removed slightly whereas 
Mg, Fe, Ti, Li, Nb, Ta, Zr, Hf and REE were generally gained (except for two samples 
that show loss in HREE) (Fig. 3.16). Petrographic evidence indicates that biotite and 
chlorite replace both mafic minerals (aegirine and arfvedsonite) and alkali feldspar. The 
formation of secondary biotite and chlorite should account for the significant addition of 
Mg. Because aegirine and arfvedsonite are Fe-rich minerals, the significant addition of Fe 
was likely related to replacement of alkali feldspar by biotite and chlorite. This is 
consistent with the removal of Al during biotite-chlorite alteration. The presence of 
secondary rutile in the granite with biotite-chlorite alteration accounts for the addition of 
Ti. Rutile can contain a reasonable amount of Nb and several authors have reported rutile 
with high Nb concentrations from pegmatite-related environments (e.g, Černý et al., 
1989; Černý et al., 1999; Okrush et al., 2003). Electron microprobe analysis of rutile 
from the altered granite shows that the Nb concentrations in the rutile reach as high as 7 
wt. % (our unpublished data) such that the addition of Nb may simply reflect the addition 
of rutile rather than a Nb mineral. The addition of Li and Be into the granite with biotite-
chlorite alteration could be the result of late polylithionite and phenakite alteration. Light 
REE were added in greater amounts than HREE. Two samples (2011-T-7 and 2011-T-11) 
show loss in HREE (Fig. 3.16c, d), which is likely due to late-stage fluorite alteration 
overprinting the granite with biotite-chlorite alteration as HREE were consistently 
removed during fluorite alteration (see below).  
Compared to biotite-chlorite alteration, fluorite alteration resulted in consistent gains in 
Ca, Sr, Nb, Ta, Th and U and loss in Si, Na, Al and HREE (Fig. 3.17). The addition of Ca 
and Sr is consistent with the addition of fluorite. The gain/loss diagrams indicate that 
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fluorite alteration did not obviously affect the masses of Fe, Mg, Ti or LREE. Significant 
gain of Nb, Ta, Th and U indicates that Nb-rich minerals (possibly columbite) were 
formed along with fluorite. Because zircon is the predominant HREE-rich mineral in the 
granite, the loss of HREE may indicate breakdown of zircon. Silicification caused 
addition of Si and loss in all the other elements (Fig. 3.18).  
In summary, as with the T Zone, HFSE were added or removed to various extents during 
alteration of the granite. During the biotite-chlorite alteration, Ti, Nb, Ta, Zr and Hf 
increased by up to 261 %, 112 %, 31 %, 115 % and 95 %, respectively; LREE, MREE 
and HREE increased by up to 400 %, 200 % and 100 %, respectively. During fluorite 
alteration, Nb and Ta increased by up to 3200 % and 1472 %, respectively.  Up to 93 % 
HREE (Ho-Lu) and 82 % Y were removed during this alteration event. No addition of 
HFSE into the granite occurred during silicification. Instead, 75 % Ti, 90 % Nb, 95 % Ta, 
71 % Zr, 74 % Hf, ~ 50 % LREE (La-Nd), ~ 50% MREE (Sm-Dy), ~ 80% HREE (Ho-
Lu), and ~ 90% Y were removed during silicification. 
 3.6.3 Precipitation of HFSE and Be Minerals 
Most HFSE minerals in the T Zone occur in pseudomorphs and were formed 
hydrothermally. The relationship between the identified alteration events and the 
remobilization patterns of HFSE reveal that the transport and precipitation of HFSE in 
the T Zone was caused by multiple fluids. Rutile, anatase, zircon, and rarely columbite 
and xenotime, are the HFSE minerals that were precipitated in alteration stage I, where 
they mainly pseudomorphed aegirine. The aegirine from the T Zone contains high HFSE 
concentrations (up to 1430 ppm Zr, up to 2136 ppm Nb, and up to 1 wt. % Ti) (Chapter 
2). Although HFSE in the aegirine may have contributed to the formation of these HFSE 
minerals, mass transfer calculations indicate that Zr, Hf, Ti, Nb and Ta were added into 
the LIZ at alteration stage I. According to the mass transfer calculations, Ti, Nb, Ta, Zr 
and Hf increased in mass by ~ 1300 %, ~ 15 %, ~ 40 %, ~ 800 % and ~ 250 %, 
respectively. Therefore, the precipitation of rutile, anatase, zircon resulted from 
interaction between the LIZ and a fluid carrying Ti, Zr, Hf, Nb and Ta. 
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Bastnäsite-group minerals are the predominant LREE minerals in the T Zone and are 
mainly distributed in pseudomorphs in the quartz-bastnäsite unit. Textural evidence 
reveals that they were hydrothermally formed between alteration stages II and III and that 
polylithionite is one of the precursor minerals of the bastnäsite (Chapter 2). Mass transfer 
calculations indicate that the polylithionite alteration resulted in loss of REE (especially 
HREE) such that the fluid which was responsible for polylithionite alteration likely did 
not carry significant REE.  Combined with the petrographic data, the gain of LREE in 
two LIZ samples (Fig. 3.13d, e) is consistent with the later addition of REE as bastnäsite 
to the polylithionite-altered LIZ.  
Beryllium mineralization associated with highly evolved pegmatites has been widely 
reported and can be caused by either fractional crystallization or hydrothermal processes 
(e.g., Charoy, 1999; Bulnaev, 2006). The possible sources for Be in the T Zone include 
the alkaline magma from which the pegmatite crystallized, and hydrothermal fluids that 
leached Be out of the crystallized igneous rocks and precipitated beryllium minerals in 
the T Zone. Examples supporting the first possibility include the Ilímaussaq complex, 
South Greenland (Sørenson, 1992) and the Strange Lake pluton (Salvi and Williams-
Jones, 1996). According to Sørenson (1992), Be mineralization does not only occur in 
late pegmatite and hydrothermal veins but also in lujavrite and kakortokite. As the 
dominant Be-bearing mineral in the T Zone is phenakite, which is present as a secondary 
mineral in pseudomorphs (after mica), and no magmatic Be-bearing phases have been 
observed to date, the Be mineralization was not formed magmatically through fractional 
crystallization. This is also consistent with the low Be concentration in the least altered 
LIZ. Alternatively, the Be-bearing fluids could have been exsolved from a magma at 
depth and the precipitation of phenakite was related to the interaction between the fluids 
and pre-existing T Zone rocks. The beryllium metasomatism (or phenakite alteration) has 
been interpreted to represent the latest event during the evolution of the T Zone 
magmatic-hydrothermal system (Chapter 2). The whole-rock geochemical data and mass 
transfer calculations indicate that both the T Zone and host granite were affected by late-
stage Be metasomatism such that the source of Be in the T Zone cannot be the rock types 
studied here and must be located at a deeper level. 
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In magmatic-hydrothermal systems, Be enrichment is likely related to F-rich melts or 
fluids and Be can be complexed with fluorine (Levinson, 1962; Webster et al., 1987; 
Trueman et al., 1988; Charoy, 1999; Barton and Young, 2002). According to Barton and 
Young (2002), precipitation of Be minerals from a F-rich fluid likely requires mixing 
with Ca-rich fluids or interaction with Ca-rich country rock. Although the textural 
relationship suggests that phenakite and fluorite are apparently coeval in some cases, 
phenakite is mainly present in pseudomorphs enclosed by massive quartz. Moreover, the 
fluid related to the precipitation of phenakite in the T Zone has insignificant Ca (Chapter 
5). Thus, the precipitation of Be in the T Zone may not be able to be explained by the 
model proposed by Barton and Young (2002).  
3.7 Concluding Remarks 
Mass transfer calculations show that HFSE were added or removed during different 
alteration events that affected the T Zone and its host rocks. Geochemical twins such as 
Zr-Hf, Nb-Ta and Y-Ho were decoupled to various extents during most alteration events. 
Also, LREE, MREE and HREE showed different behaviour during alteration.  
The gain/loss patterns for HFSE during various alteration types are complicated. 
Significant LREE were removed, whereas Ti, Nb, Ta, Zr, Hf, MREE and HREE were 
added during the alteration stage in which the least altered LIZ was converted to the more 
altered LIZ; during polylithionite alteration of the LIZ, Ti, Be, Nb, Ta, Zr, Hf, and HREE 
were removed; and during the phenakite alteration stage of the LIZ and QP unit, Be was 
consistently gained while Ti removed. Related to the identified alteration events, the 
remobilization patterns of HFSE reveal that the transport and precipitation of HFSE in 
the T Zone was likely caused by fluids with different characteristics.  
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Figure 3.1 Schematic geological map of the Blatchford Lake Complex (after Davidson, 
1978, 1982). 
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Figure 3.2 Geologic map of the outcrop in the North-T Zone at Thor Lake. 
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Figure 3.3 Photos showing field relationships and key alteration types in the T Zone. (a) 
field photo showing that the relatively fresh granite (on the left side) and the dark granite 
with strong biotite-chlorite alteration (on the right side) have a gradational contact. (b) 
silicified granite and granite with biotite-chlorite alteration in drill core. (c) the LIZ with 
pegmatitic texture defined by an elongated phase (rimmed mainly by oriented aegirine) 
and interstitial bladed albite. (d) the more altered LIZ exhibiting slightly obscured 
pegmatitic texture and lesser albite. (e) polylithionite replacing albite and aegirine in the 
more altered LIZ with polylithionite alteration. (f) the more altered LIZ with 
polylithionite alteration that subsequently underwent Be metasomatism. (g) the more 
altered LIZ rimmed by a polylithionite-rich zone belonging to the UIZ (quartz-
polylithionite unit). (h) phenakite replacing polylithionite in the quartz-polylithionite unit. 
The pen, hammer and card are ~ 25 cm, ~55 cm and 10 cm in length. The coin used for 
scale is ~ 2.5 cm in diameter. 
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Figure 3.4 (a) Box-whisker diagram showing Nb, Ta, Hf and Zr concentrations in various 
granites and the T Zone rock units. (b) and (d) Nb/Ta vs. Zr/Hf binary plot for the host 
granite and T Zone rock units. Abbreviations: Gr = relatively fresh granite, Gr. Bt-Chl = 
granite with biotite-chlorite alteration, Gr. Fl = granite with fluorite alteration, Silicified 
Gr. = silicified granite, WZ = Wall Zone, Qtz-Ply = quartz-polylithionite unit, Ply Alt. = 
polylithionite alteration and Phk Alt. = phenakite alteration. In (a) and (c), the box starts 
from the lower quartile to the upper quartile of a concentration data set for individual 
elements whereas the whiskers are extended to extreme data points. In (b) and (d), note 
that all samples from the relatively fresh granite have Zr/Hf and Nb/Ta ratios close to 
chondritic values and that the LIZ with alteration of various types have higher Zr/Hf 
ratios than the QP unit. See text for details.  
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Figure 3.5 Chondrite-normalized REE patterns of the T Zone units and host rocks. 
Chondritic REE concentration data for normalization is from Sun and McDonough 
(1989). 
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Figure 3.6 Binary diagrams showing (Ce/Yb)N, (Ce/Sm)N, Eu*/Eu and Y/Ho ratios vs. 
total REE concentration for the host granite and the various T Zone units. 
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Figure 3.7 Element ratio diagrams for the more altered LIZ with polylithionite alteration 
and the QP unit. Green diamond symbols represent samples from the more altered LIZ 
with polylithionite alteration while green square symbols represent samples from the QP 
unit. 
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Figure 3.8 Component ratio diagrams showing relationships between common 
geochemical twins (Zr-Hf, Y-Ho and Nb-Ta) in the unaltered and altered granite and T 
Zone rocks. The red line represents the 1:1 ratio. See the text for details. 
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Figure 3.9 Isocon diagram for the least altered LIZ and the more altered LIZ. The black 
solid line represents the constant-volume Isocon, and the red solid line the Isocon defined 
by Y and Ho. 
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Figure 3.10 Isocon diagram showing element gain/loss as a result of polylithionite 
alteration of the more altered LIZ (2011-T-17).  The black solid line represents the 
constant-volume Isocon, and the red solid line the Isocon defined by Nb and Ta. 
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Figure 3.11 Isocon diagram showing element gain/loss as a result of biotite-chlorite 
alteration of the granite. The Isocon defined by Si and Al is close to the constant volume 
(CV) Isocon, which indicates that the constant volume assumption is reasonable. See the 
text for more details. 
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Figure 3.12 Histograms showing the relative gain/loss of elements as a result of 
progressive alteration of the least altered LIZ (represented by Sample 692490). Both 
2011-T-16 and 2011-T-29 represent the more altered equivalent to the least altered LIZ. 
The relative gain/loss ΔCi/CiO is defined by (MA/MO)(CiA/CiO) -1, where MA and MO 
stand for the mass after alteration and mass before alteration, ΔCi is the change in 
concentration of element “i”, and CiA and CiO represent the concentration of element “i” 
in the altered rock and unaltered rock, respectively (Grant, 2005). 
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Figure 3.13 Histograms showing the relative gain/loss of elements as a result of 
polylithionite alteration of the more altered LIZ. Sample 2011-T-17, 2011-T-18, 692487, 
692488 and IS11-04 are the more altered LIZ that has undergone various degrees of 
polylithionite alteration. 
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Figure 3.14 Histograms showing the relative gain/loss of elements as a result of phenakite 
alteration of the polylithionite-altered LIZ. Samples 2011-T-20, 2011-T-21 and TZ 23 
represent the polylithionite-altered LIZ that has experienced various amounts of 
phenakite alteration. 
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Figure 3.15 Histograms showing the relative gain/loss of elements as a result of phenakite 
alteration of the QP unit. Samples 2011-T-22, 2011-T-25, 2011-T-30, 692479 and 
692482 represent QP unit that has experienced various amounts of phenakite alteration. 
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Figure 3.16 Histograms showing the gain/loss of elements relative to their concentrations 
in unaltered granite (Sample ID 2011-T-1) as a result of biotite-chlorite alteration. The 
relative grain for Li exceeds 5 in all the diagrams and the columns do not represent the 
true value. Sample 2011-T-7 and 2011-T-11 show loss in HREE because these samples 
have experienced weak albitization, although the overall alteration is dominated by 
biotite-chlorite alteration. 
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Figure 3.17 Histograms showing the relative gain/loss of elements as a result of fluorite 
alteration. Sample 2011-T-6 represents host rock with biotite-chlorite alteration. Samples 
2011-T-8, 2011-T-9, 2011-T-12, 2011-T-13 and 2011-T-14 are granite with strong 
fluorite alteration. 
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Figure 3.18 Histograms showing the relative gain/loss of elements during silicification of 
the host rock. 2011-T-1 and 2011-T-10 represent unaltered and silicified host rocks, 
respectively. 
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Table 3-1 Whole-rock geochemical data for various rock units of the T Zone and host 
granite. 
 
Relatively fresh Granite Gr.with Bt-Chl alteration 
2011-T-
1 
2011-T-
2 
2011-T-
27 
2011-T-
28 
2011-T-
5 
2011-T-
6 
2011-T-
7 
2011-T-
11 
in wt%           
SiO2 70.3 70.1 68.4 73.5 65.5 66.2 56.8 60.2 
Al2O3 13.95 12.7 14 11.95 14.1 11.85 12.8 12.8 
Fe2O3 3.68 2.51 4.05 2.39 4.93 9.13 10.95 7.16 
CaO 0.45 1.17 0.54 1.26 1.25 0.06 2.13 0.88 
MgO 0.62 0.22 0.66 0.2 0.74 1.41 2.1 1.8 
Na2O 3.01 2.89 2.8 2.82 1.17 1.22 4.97 4.22 
K2O 7.17 7.22 7.07 6.1 10.45 7.58 3.74 4.58 
TiO2 0.42 0.21 0.48 0.25 0.59 0.91 1.4 0.31 
MnO 0.04 0.06 0.05 0.05 0.09 0.07 0.54 0.17 
P2O5  b.d. b.d. 0.03 0.01  b.d. 0.04 0.58 0.05 
in ppm           
Ba 91.7 53.2 95 47.4 116 113.5 241 120 
Rb 215 236 257 253 365 363 176.5 183 
Sr 24.4 22.7 21.4 21.8 23.8 7.3 108.5 31 
Li 12 7.4 23.5 15.9 79.6 33.7 292 80.4 
Cs 0.74 0.75 0.86 0.79 1.73 7.82 3.89 2.84 
Ga 70.5 70.9 82.9 69 125.5 75.2 51.3 57.6 
Co 1.1 0.5 1.2 0.5 0.6 4 5 3.2 
Cr 170 160 110 110 90 80 70 70 
Zn 31 52 31 47 33 50 53 43 
Sn 6 4 6 5 4 15 8 10 
Be 16.3 377 55.1 410 63.8 40.9 12.55 7.63 
Nb 163.5 100 186 106 245 369 140 163 
Ta 6.6 4.7 7.7 5 4.9 8 8 7.3 
Hf 15.5 12.9 15.2 10.9 10.5 11.9 17.8 28.7 
Zr 661 481 633 447 572 518 801 1350 
La 41.4 83.3 1000 168.5 64.9 142.5 156.5 224 
Ce 94 187.5 1980 334 135.5 321 364 484 
Pr 12.5 23.4 226 43.1 17.45 41.3 48.4 60.4 
Nd 58 97.7 832 161.5 69.7 162.5 198 227 
Sm 14.75 21.8 95.5 26.3 15.3 35.8 39.1 43.3 
Eu 2.44 2.6 8.71 3.07 2.47 6.12 6.25 6.21 
Gd 19.1 19.4 49.4 20.6 18.3 50 31.5 30.4 
Tb 4.33 3.25 6.72 3.06 4.09 11.95 4.43 4.35 
Dy 29.9 20.1 38.4 17.5 25.2 69.8 22.5 22.4 
Ho 5.57 3.66 7.11 3.23 4.98 12.2 4.03 4.27 
Er 14.25 8.97 16.25 7.56 12.7 27.7 9.96 11.25 
  137 
Tm 1.73 1.05 2.1 0.99 1.63 3.31 1.27 1.49 
Yb 11.4 6.49 12.6 5.86 11.4 22.6 7.73 9.28 
Lu 2.06 1.03 2.32 1 2.25 4.35 1.14 1.36 
Y 186 154.5 235 150 184.5 336 110 111.5 
Th 44.2 23.1 65 24.4 35.6 108 9.03 26.6 
U 1.24 0.84 1.53 0.96 1.21 0.89 1.62 5.54 
Pb 8   5 6  5 6 
W 10 3 11 3 5 6 21 4 
 311.4 480.3 4277.1 796.3 385.9 911.1 894.8 1129.7 
(La/Yb)N 2.5 8.7 53.9 19.5 3.9 4.3 13.8 16.4 
(La/Sm)N 1.8 2.4 6.5 4.0 2.6 2.5 2.5 3.2 
Eu*/Eu 0.44 0.39 0.39 0.40 0.45 0.44 0.54 0.52 
Zr/Hf 42.6 37.3 41.6 41.0 54.5 43.5 45.0 47.0 
Nb/Ta 24.8 21.3 24.2 21.2 50.0 46.1 17.5 22.3 
Y/Ho 33.4 42.2 33.1 46.4 37.0 27.5 27.3 26.1 
Na2O/K2
O 0.420 0.400 0.396 0.462 0.112 0.161 1.329 0.921 
Density 
of rock  
(g/cm3) 
2.52 2.74 2.52 2.74 3.51 2.37 2.73 2.65 
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cont. 
 Gr. with Fl alteration Silicified Gr. WZ 
 2011-
T-8 
2011-
T-9 
2011-
T-13 
2011-
T-12 
2011-
T-14 2011-T-10 
2011-
T-15 
69247
8-1 
69247
8-2 
in 
wt%             
SiO2 60.7 42.5 59.5 58.4 48.2 89.9 74.1 73.3 71.9 
Al2O3 12.85 6.83 12.05 0.68 6.58 3.07 14.55 15.8 16.95 
Fe2O3 9.16 15.2 3.05 30.1 17.9 2.15 1.06 0.74 1.26 
CaO 3.24 9.06 3.16 3.07 3.11 1.12 0.09 0.32 0.1 
MgO 2.18 3.91 1.21 1.19 4.98 0.57 0.13 0.06 0.12 
Na2O 3.09 0.13 0.18 0.02 0.04 0.87 7.2 8.2 9.99 
K2O 4.83 5.3 9.77 0.3 6.07 1.18 1.92 2.25 0.14 
TiO2 0.38 0.32 0.54 1.15 1.78 0.27 0.07 0.08 0.02 
MnO 0.05 0.73 0.12 0.34 1.05 0.08 0.04 0.03 0.03 
P2O5 0.01 0.08 b.d. 0.03 0.04 0.01 0.02 0.01 0.02 
in ppm             
Ba 665 307 150 52.6 246 142.5 16.7 50.1 12.7 
Rb 401 487 1080 27.6 1135 105 168 145 4.3 
Sr 80.7 124 107.5 68 71.6 32.2 10.7 14.5 10.1 
Li 172 750 7640 21.3 3680 215 118.5 43.1 7.4 
Cs 6.7 6.32 5.42 1.02 20.4 1 0.73 0.26 0.09 
Ga 343 103.5 270 61.6 120 63.9 359 557 557 
Co 6.2 10.2 8 2.1 3.5 1.7 0.6 0.9 0.5 
Cr 80 40 50 310 40 370 70 b.d. 10 
Zn 62 268 202 51 288 188 47 66 40 
Sn 40 79 41 54 169 13 8 1 2 
Be 6.52 25.2 1500 7.33 48.2 181 17.7 302 23.7 
Nb 2900 1315 2010 6200 1950 386 157 182.5 137 
Ta 22.7 6.7 10.4 90.7 20.8 2 1.2 2.1 1.1 
Hf 5.5 4 1.7 22 15.6 3.3 1.4 b.d. b.d. 
Zr 227 420 107 817 1080 203 67 6 7 
La 139 1890 1955 125 770 557 301 21.5 53.5 
Ce 297 4180 4010 303 1610 1210 630 45.6 103 
Pr 31 490 466 31.6 189 144.5 72.3 4.9 10.8 
Nd 97.7 1740 1615 94.7 669 538 261 17.1 36.1 
Sm 20.1 310 252 13.45 108 95.7 42.2 3.13 5.71 
Eu 4.39 30.8 22.6 1.43 10.7 8.95 4.41 0.47 0.61 
Gd 27.5 132.5 117.5 7.15 58.3 51 26.8 2.54 3.27 
Tb 5.46 9.9 8.2 1.3 5.59 3.4 2.79 0.29 0.21 
Dy 27.8 28.9 17.45 6.44 17.75 7.59 11.05 1.09 0.5 
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Ho 4.53 3.81 1.67 1.1 2.13 0.73 1.52 0.15 0.06 
Er 9.67 6.52 1.52 2.81 3.7 0.8 2.76 0.26 0.1 
Tm 1.02 1.04 0.24 0.62 0.71 0.14 0.34 b.d. b.d. 
Yb 5.59 10.1 1.27 5.18 6.38 1.03 2.03 0.12 0.06 
Lu 0.77 1.99 0.21 1.03 1.47 0.27 0.34 0.03 0.02 
Y 137 160.5 40.7 26.9 50.5 17.2 48.4 8.2 3.6 
Th 153 206 195 47.4 72 22.7 73.3 4.69 12.95 
U 62.4 26.3 96.4 231 39.1 3.66 8.53 14.55 5.91 
Pb 29 12 24 40 b.d. 8 7 b.d. b.d. 
W 9 14 13 26 17 3 3 2 2 
 671.5 8835.6 8468.7 594.8 3452.7 2619.1 1358.5 97.2 213.9 
(La/Yb)N 16.9 127.1 1045.7 16.4 82.0 367.4 100.7 121.7 605.7 
(La/Sm)N 4.3 3.8 4.8 5.8 4.5 3.6 4.5 4.3 5.9 
Eu*/Eu 0.57 0.46 0.40 0.44 0.41 0.39 0.40 0.51 0.43 
Zr/Hf 41.3 105.0 62.9 37.1 69.2 61.5 47.9 - - 
Nb/Ta 127.8 196.3 193.3 68.4 93.8 193.0 130.8 86.9 124.5 
Y/Ho 30.2 42.1 24.4 24.5 23.7 23.6 31.8 54.7 60.0 
Na2O/K2O 0.640 0.025 0.018 0.067 0.007 0.737 3.75 3.64 71.36 
Density of 
rock  
(g/cm3) 
3.07 2.83 2.97 3.44 3.03 2.35 n.d. n.d. n.d. 
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 Least altered LIZ More altered LIZ Qtz-Ply 
 692489 692490 2011-T-16 2011-T-29 692481 692483 2011-T-19 
in wt%           
SiO2 81.7 77.3 74.1 70.7 62 61 67.5 
Al2O3 7.38 7.4 1.88 2.1 11.3 10.45 7.39 
Fe2O3 4.41 9.37 14.7 16.7 1.14 1.89 4.24 
CaO 0.15 0.05 1.33 1.57 0.11 1.46 1.2 
MgO 0.63 0.83 0.84 1.17 0.77 1.15 1.34 
Na2O 2.03 2.82 0.11 0.11 0.02 0.01 0.15 
K2O 3.37 2.12 1.45 1.67 10.8 9.85 6.54 
TiO2 0.07 0.15 1.43 1.45 1.12 1.11 0.89 
MnO 0.27 0.37 0.29 0.32 0.11 0.17 0.12 
P2O5 0.03 0.05 0.01 0.02 0.01 0.02 b.d. 
in ppm           
Ba 36.3 38.2 92.6 91.2 50.2 54.7 51.6 
Rb 224 143.5 191 235 3940 3690 1830 
Sr 14.5 16.5 57.3 62.9 5.3 14 21.8 
Li 97.3 44.1 620 760 30600 27400 17600 
Cs 0.61 0.91 0.99 1.05 17.5 15.5 9.68 
Ga 434 592 70 79.3 142.5 132 165 
Co 2.3 4.3 1.1 1.1 0.6 1.2 1.1 
Cr 10 20 280 250 b.d. b.d. 110 
Zn 73 108 194 191 856 677 330 
Sn 9 39 59 59 5 11 27 
Be 47.2 64.4 163.5 240 133.5 219 352 
Nb 821 1305 1150 1140 677 886 602 
Ta 6.3 12.2 11.7 12.9 4.3 8.2 4.1 
Hf 1.9 2.5 6.8 7.2 0.3 0.2 3.2 
Zr 89 72 661 702 12 9 141 
La 100 113.5 28.1 61.8 8 14.5 35 
Ce 193.5 228 60.5 127 20.1 36.1 71.3 
Pr 19.25 22.6 6.07 14.15 1.95 3.6 8.35 
Nd 59 67.6 21.1 46.7 5.9 11 30.5 
Sm 8.14 9.78 5.53 8.58 1.31 2.31 6.51 
Eu 1.36 1.54 1.36 1.68 0.29 0.43 0.97 
Gd 10.1 11.4 11.4 13.1 2.5 3.29 6.7 
Tb 2.37 2.66 3.35 3.71 0.52 0.54 1.02 
Dy 13.6 14.55 21.6 22.3 2.6 2.31 4.64 
Ho 2.39 2.49 3.65 3.89 0.38 0.31 0.73 
Er 5.5 5.34 8.11 8.57 0.69 0.51 1.4 
Tm 0.64 0.57 1 1.04 0.02 0.01 0.15 
  141 
Yb 3.15 2.6 7.59 7.97 0.25 0.23 1.04 
Lu 0.39 0.3 1.93 1.88 0.05 0.05 0.23 
Y 52.2 56.9 81 91.1 24.3 17.6 51.9 
Th 83.2 92.2 85.7 95.9 1.41 1.89 9.46 
U 17.7 26 8.8 12.15 4.26 9.74 1.59 
Pb b.d.  b.d. 8 11 b.d. b.d. b.d. 
W 2 2 5 5 8 8 6 
 419.4 482.9 181.3 322.4 44.6 75.2 168.5 
(La/Yb)N 21.6 29.7 2.5 5.3 21.7 42.8 22.9 
(La/Sm)N 7.7 7.2 3.2 4.5 3.8 3.9 3.4 
Eu*/Eu 0.46 0.44 0.52 0.48 0.49 0.48 0.45 
Zr/Hf 46.8 28.8 97.2 97.5 40.0 45.0 44.1 
Nb/Ta 130.3 107.0 98.3 88.4 157.4 108.0 146.8 
Y/Ho 21.8 22.9 22.2 23.4 63.9 56.8 71.1 
Na2O/K2O 0.602 1.330 0.076 0.066 0.002 0.001 0.023 
Density of rock  
(g/cm3) 2.71 2.69 2.89 2.89 3.22 3.14 2.84 
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More altered LIZ with Ply  More altered LIZ with Phk 
 2011-T-17 2011-T-18 692487 692488 IS-11-04 TZ23 2011-T-20 2011-T-21 
in wt%            
SiO2 73.3 72.3 61.3 77.4 83.8 70.6 74.1 80.6 
Al2O3 3.8 4.49 8.54 3.05 1.12 6.59 4.69 1.01 
Fe2O3 11.25 11.3 9.03 9.3 10.75 10.55 7.77 12.2 
CaO 0.45 0.15 0.25 0.37 0.68 1.36 3.21 1.22 
MgO 0.43 0.94 2.3 0.7 0.44 0.83 1.26 1.21 
Na2O 1.05 0.05 0.09 0.02 0.06 0.19 0.14 0.01 
K2O 3.25 4.22 7.96 2.85 1.04 5.52 3.25 0.69 
TiO2 0.93 1.19 1.33 0.93 0.78 1.02 0.67 0.78 
MnO 0.36 0.15 0.16 0.16 0.39 0.56 0.3 0.2 
P2O5 0.01 0.04 b.d. 0.02 0.05  b.d. 0.02 0.02 
in ppm            
Ba 356 66.5 146.5 58.5 521 228 546 54.9 
Rb 780 1120 2810 776 217 750 417 148.5 
Sr 19.8 19 16.3 36.6 31.5 88.5 147.5 35.2 
Li 7790 10850 21000 7490 2340 4890 1030 222 
Cs 3.66 5.67 12.95 2.71 0.71 2.6 4.43 1.8 
Ga 121 94.8 151.5 72.1 54.9 195 71.4 51.8 
Co 0.6 0.9 2.2 1.1 0.5 0.7 2.2 1.2 
Cr 250 150 b.d. 10 10 10 80 90 
Zn 661 156 309 105 280 96 85 34 
Sn 35 56 66 38 30 39 30 57 
Be 106 43 58.4 76.2 110 1900 13200 9300 
Nb 764 866 664 662 649 1075 668 970 
Ta 6.5 7.4 6.3 6.5 6.4 9.2 4.9 8.7 
Hf 4.9 7.6 4.6 4.9 4.5 4.9 1.7 4.3 
Zr 277 393 181 283 273 494 138 227 
La 62 35.6 12.1 247 209 80.6 110 38.8 
Ce 117 75.6 28.2 453 382 158.5 230 79.1 
Pr 12.5 9.13 2.97 51.3 39.7 18.5 27.2 8.08 
Nd 40.4 31.9 10 195.5 130.5 64.3 97.5 25.1 
Sm 7.08 6.13 2.3 33.8 25.3 17.3 15.3 5.42 
Eu 0.91 0.82 0.44 3.76 3.18 3.17 1.45 1.15 
Gd 5.38 5.14 3.12 17 19.65 33.3 7.41 9.22 
Tb 0.86 0.89 0.57 1.35 2.04 7.95 0.77 2.28 
Dy 4.35 4.69 2.9 4.21 8.64 44.6 3.77 12.35 
Ho 0.77 0.82 0.47 0.57 1.24 6.76 0.78 2.01 
Er 1.63 1.78 0.98 1.13 2.5 13.95 2.36 4.34 
Tm 0.23 0.27 0.09 0.16 0.29 1.46 0.44 0.56 
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Yb 2.47 3.07 1.1 2.22 2.81 8.83 3.64 3.9 
Lu 0.66 0.89 0.29 0.66 0.74 1.71 0.65 0.83 
Y 49.9 49 30.9 31.8 77.5 141.5 18.9 50 
Th 21.1 19 8.55 42.5 90.4 292 47.3 60.1 
U 5.26 5.4 8.81 3.17 4.42 13.5 3.96 8.86 
Pb 9 7 b.d. 5 9 6 b.d. b.d. 
W 4 6 8 4 3 5 6 7 
 256.2 176.7 65.5 1011.7 827.6 460.9 501.3 193.1 
(La/Yb)N 17.1 7.9 7.5 75.6 50.5 6.2 20.5 6.8 
(La/Sm)N 5.5 3.6 3.3 4.6 5.2 2.9 4.5 4.5 
Eu*/Eu 0.45 0.45 0.50 0.48 0.43 0.40 0.42 0.50 
Zr/Hf 56.5 51.7 39.3 57.8 60.7 100.8 81.2 52.8 
Nb/Ta 117.5 117.0 105.4 101.8 101.4 116.8 136.3 111.5 
Y/Ho 64.8 59.8 65.7 55.8 62.5 20.9 24.2 24.9 
Na2O/K2O 0.323 0.012 0.011 0.007 0.058 0.034 0.043 0.014 
Density of 
rock  
(g/cm3) 
2.92 2.86 2.91 3.22 2.83 2.92 3.04 2.86 
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Qtz-Ply with Phk alteration Phenakite Zone 
 2011
-T-
22 
2011-
T-25 
2011-
T-30 692479 692482 
2011
-T-
23 
692484 692485 692486-1 
692486
-2 
in wt%              
SiO2 67 60.7 66.3 74.8 83.6 79.4 86.3 88.4 89.9 92.1 
Al2O3 5.59 5.32 5.54 7.51 2.67 1.62 0.26 0.15 0.74 0.15 
Fe2O3 7.74 14.7 7.64 0.83 0.63 2.91 1.08 1.48 1.52 1.84 
CaO 5.25 4.28 5.61 1.32 0.6 2.1 0.09 0.09 2.53 0.21 
MgO 1.08 3.85 1.04 0.46 0.19 0.38 0.01 0.01 0.08 0.02 
Na2O 0.09 0.04 0.09 0.08 0.03 0.04 0.02 0.03 0.03 0.02 
K2O 3.59 3.74 3.8 6.46 2.51 0.86 0.2 0.09 0.55 0.02 
TiO2 0.64 1.06 0.61 0.72 0.27 0.22 0.02 0.02 0.01 0.02 
MnO 0.09 0.4 0.11 0.03 0.05 0.09 0.01 0.01 0.11 0.03 
P2O5 b.d.  0.02 0.07 b.d.  0.03  b.d.  0.02 b.d.  b.d.  b.d.   
in ppm              
Ba 882 368 1140 128.5 14.5 306 7.8 9.6 22.4 16 
Rb 343 514 372 1825 830 51.1 23.1 22 40.7 4.3 
Sr 231 130.5 286 28.5 14.7 65.3 10.3 9.3 30.7 7.8 
Li 399 470 560 14350 7400 30 142 154.5 109.5 49.1 
Cs 5.55 11.7 6.43 8.07 2.86 0.42 0.12 0.14 0.13 0.09 
Ga 72.9 107 92.8 65.9 33.1 28.8 5.9 3.2 14.3 4.4 
Co 2.8 7.2 3.3 1 0.6 1.6 b.d.  0.7 1.4 1.8 
Cr 160 110 170 10 10 90 30 20 60 30 
Zn 49 121 60 204 159 33 7 7 17 7 
Sn 28 42 35 1  8 b.d.  1 1 1 
Be 9200 10800 11200 6800 16900 27600 40500 36900 18800 21200 
Nb 850 1385 1105 642 160.5 2320 20.7 20.1 12.8 22.3 
Ta 5.2 11.2 6.8 7 0.1 23 0.1 0.1 b.d.  0.1 
Hf 1 3.1 1.2 b.d.  b.d.  0.6 b.d.  b.d.  b.d.   b.d.  
Zr 81 170 93 6 4 50 11 4 10 6 
La 25.6 72.4 57 10.4 0.5 140 b.d.  b.d.  b.d.  b.d.  
Ce 54.3 150.5 116 24.3 1.2 288 0.7 0.7 1 0.9 
Pr 5.49 17.2 12.25 2.57 0.13 31 0.08 0.09 0.13 0.11 
Nd 15.7 60.7 37.3 8.5 0.4 97.6 0.3 0.3 0.5 0.4 
Sm 2.45 14.75 4.82 1.81 0.13 13.8 0.14 0.12 0.23 0.15 
Eu 0.45 3.14 0.72 0.33 0.05 1.54 0.05 0.05 0.08 0.05 
Gd 1.64 25.2 2.88 2.45 0.47 7.5 0.62 0.45 0.9 0.54 
Tb 0.28 5.08 0.42 0.36 0.11 1 0.16 0.11 0.22 0.12 
Dy 1.48 25.9 2.19 1.56 0.6 3.77 0.96 0.6 1.23 0.64 
Ho 0.28 4.07 0.42 0.22 0.09 0.54 0.16 0.09 0.22 0.1 
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Er 0.91 8.05 1.21 0.39 0.18 1.12 0.36 0.18 0.5 0.21 
Tm 0.18 0.86 0.24 b.d.  b.d.  0.16 0.01 b.d.  0.02  b.d.  
Yb 1.63 4.7 1.99 0.15 0.08 1.07 0.33 0.11 0.36 0.12 
Lu 0.34 0.75 0.42 0.03 0.02 0.19 0.07 0.03 0.07 0.03 
Y 8.7 140 12.3 16.2 9 18.2 12.1 6.9 20.4 7.3 
Th 15.3 210 23.1 2.32 0.44 17.15 0.5 0.27 0.47 0.3 
U 5.64 8.11 9.63 15.95 1.05 63 3.47 5.02 4.46 5.35 
Pb  b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
W 7 10 9 5 2 7 2 2 1 2 
 110.7 393.3 237.9 53.1 4.0 587.3 3.9 2.8 5.5 3.4 
(La/Yb)N 10.7 10.5 19.5 47.1 4.2 88.9 0.0 0.0 0.0 0.0 
(La/Sm)N 6.5 3.1 7.4 3.6 2.4 6.3 0.0 0.0 0.0 0.0 
Eu*/Eu 0.68 0.50 0.59 0.48 0.62 0.46 0.52 0.66 0.54 0.54 
Zr/Hf 81.0 54.8 77.5 - - 83.3 - - -  - 
Nb/Ta 163.5 123.7 162.5 91.7 1605.0 100.9 207.0 201.0 - 223.0 
Y/Ho 31.1 34.4 29.3 73.6 100.0 33.7 75.6 76.7 92.7 73.0 
Na2O/K2
O 
0.02
5 0.011 0.024 0.012 0.012 0.047 0.100 0.333 0.055 1.00 
Density 
of rock  
(g/cm3) 
2.96 3.04 2.96 3.03 3.36 3.01 2.73 2.73 3.13 3.13 
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cont. 
 Ave. 
Gr.with Bt-
Chl 
Ave. Gr. 
with Fl. 
Ave. Least 
Alt.     LIZ 
Ave. More 
Alt. LIZ 
Ave. More 
Alt. LIZ 
with Ply 
Ave. QP 
unit 
in wt%       
SiO2 62.18 53.86 79.5 72.4 68.97 63.5 
Al2O3 12.89 7.80 7.39 1.99 5.61 9.71 
Fe2O3 8.04 15.08 6.89 15.7 10.53 2.42 
CaO 1.08 4.33 0.1 1.45 0.28 0.92 
MgO 1.51 2.69 0.73 1.01 1.22 1.09 
Na2O 2.90 0.69 2.43 0.11 0.40 0.06 
K2O 6.59 5.25 2.75 1.56 5.14 9.06 
TiO2 0.80 0.83 0.11 1.44 1.15 1.04 
MnO 0.22 0.46 0.32 0.31 0.22 0.13 
P2O5 0.22 0.04 0.04 0.02 0.03 0.02 
in ppm       
Ba 148 284 37 92 190 52 
Rb 272 626 184 213 1570 3153 
Sr 42.7 90.4 15.5 60.1 18.37 13.7 
Li 121.4 2452.7 70.7 690 13213 25200 
Cs 4.1 8.0 0.76 1.02 7.43 14.23 
Ga 77.4 179.6 513 74.65 122.43 146.5 
Co 3.2 6.0 3.3 1.1 1.23 0.97 
Cr 77.5 104.0 15 265 200 110 
Zn 44.75 174.2 90.5 192.5 375.3 621 
Sn 9.25 76.6 24 59 52.3 14.3 
Be 31.2 317.5 55.8 201.8 69.1 234.8 
Nb 229.3 2875 1063 1145 764.7 721.7 
Ta 7.1 30.3 9.3 12.3 6.7 5.5 
Hf 17.2 9.8 2.2 7.0 5.7 1.2 
Zr 810.3 530.2 80.5 681.5 283.7 54.0 
La 147.0 975.8 106.8 45.0 36.6 19.2 
Ce 326.1 2080 210.8 93.8 73.6 42.5 
Pr 41.9 241.5 20.9 10.1 8.2 4.6 
Nd 164.3 843.3 63.3 33.9 27.4 15.8 
Sm 33.4 140.7 9 7.1 5.2 3.4 
Eu 5.3 14 1.5 1.5 0.7 0.6 
Gd 32.6 68.6 10.8 12.3 4.6 4.2 
Tb 6.2 6.1 2.5 3.5 0.8 0.7 
Dy 35 19.7 14.1 22 4 3.2 
Ho 6.4 2.7 2.4 3.8 0.7 0.5 
Er 15.4 4.8 5.4 8.3 1.5 0.9 
Tm 1.9 0.7 0.6 1 0.20 0.1 
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Yb 12.8 5.7 2.9 7.8 2.2 0.5 
Lu 2.3 1.1 0.4 1.9 0.6 0.1 
Y 185.5 83.1 54.6 86.1 43.3 31.3 
Th 44.8 134.7 87.7 90.8 16.2 4.3 
U 2.3 91 21.9 10.5 6.5 5.2 
Pb 5.7 26.3 b.d. 9.5 8 b.d. 
W 9 15.8 2 5 6 7.3 
 830.4 4404.7 451.2 251.8 166.2 96.1 
(La/Yb)N 7.8 116.2 25.2 3.9 11.2 25.7 
(La/Sm)N 2.8 4.3 7.4 4.0 4.4 3.5 
Eu*/Eu 0.49 0.43 0.45 0.50 0.45 0.46 
Zr/Hf 47.0 54.3 36.6 97.4 49.8 43.8 
Nb/Ta 32.5 95.0 114.9 93.1 113.6 130.4 
Y/Ho 29.1 31.4 22.4 22.8 63.0 66.1 
Na2O/K2O 0.439 0.132 0.883 0.071 0.077 0.007 
Density of 
rock  
(g/cm3) 
2.81 3.07 2.70 2.89 2.90 3.07 
Note: b.d. = below detection limit. REE concentration data from Sun and McDonough (1989) were used for 
calculating (La/Yb)N, (La/Sm)N and Eu*/Eu values. 
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Table 3-2 Summary of key geochemical characteristics of the T Zone rock units and host granite. 
Rock Types Major Elements Zr, Hf, Nb and Ta  REE Li and Be 
Relatively Fresh Granite 
68.4-70.3 wt.% SiO2,          
~12-14 wt.% Al2O3,                   
3.68- 4.05 wt.% Fe2O3,    
~0.65 wt.% MgO,                              
~0.5-1.26 wt.% CaO,                      
2.8-3 wt.% Na2O                    
and 7.07-7.17 wt.% K2O, 
Na2O/K2O = ~0.4, total alkali 
[Na2O + K2O]= 8.9-10.2 
wt.% 
447-661 ppm Zr,                     
10.9-15.5 ppm Hf,                  
100-186 ppm Nb,                     
4.7-7.7 ppm Ta,                    
Zr/Hf =37.3-42.6,                 
Nb/Ta=21.2-24.8 
total REE <800 ppm,            
150-186 ppm Y (except one 
sample showing >4000 ppm 
total REE and 235 ppm Y) 
< 25 ppm Li, < 60 ppm Be 
(except two samples showing 
Be > 350 ppm 
Granite with Bt-Chl 
56.8 - 66.2 wt.% SiO2,           
11.9 -14.1 wt.% Al2O3,      
4.93 -10.95 wt.% Fe2O3,  
0.74 -2.1wt.% MgO,             
0.06 - 3.24 wt.% CaO,       
1.17- 4.97 wt.% Na2O,         
3.74 -10.45 wt.% K2O,  
Na2O/K2O = 0.11- 1.33, total 
alkali [Na2O + K2O]=8.8 - 
11.62 wt.% 
518-1350 ppm Zr,                  
10.5-28.7 ppm Hf,                    
140 - 683 ppm Nb,                    
4.9 - 8 ppm Ta,                     
Zr/Hf =43.5-54.5,                 
Nb/Ta = 22.3 - 50 
total REE > ~900 ppm, 110-
366 ppm Y (except one 
sample showing 386 ppm 
total REE) 
31.4 - 292 ppm Li, 7.6 - 63.8 
ppm Be 
Granite with Fl 
42.5 – 60.7 wt.% SiO2,       
6.83 - 12.85 wt.% Al2O3, 
9.16-15.2 wt.% Fe2O3,     
2.18-3.91wt.% MgO,            
~3- 9 wt.% CaO,                  
0.02-3.09 wt.% Na2O,                           
0.3-9.77 wt.% K2O,  
Na2O/K2O = 0.02-0.64, 
[Na2O + K2O] =5.4-7.9  
wt.%  
107-1080 ppm Zr,                   
1.7-22 ppm Hf,                    
1315-6200 ppm Nb,                
6.7 - 90.7 ppm Ta,                     
Zr/Hf=37.1 - 105,               
Nb/Ta= 68.4 - 196.3   
595 - 8836 ppm total REE, 
26.9-160.5 ppm  
750-7640 ppm Li (except one 
sample showing Li < 200 ppm), 
6.5 – 48.2 ppm Be (except one 
sample showing Be > 1000 
ppm) 
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Silicified Granite 
~89.9 wt.% SiO2,                   
~3 wt.% Al2O3,                    
2.15 wt.% Fe2O3,              
0.57 wt.% MgO,              
1.12wt.% Cao,                      
0.87 wt.% Na2O,                     
1.18 wt.% K2O,          
Na2O/K2O = 0.737                    
total alkali [Na2O + K2O]= 
~2 wt.% 
~203 ppm Zr,                            
~3.3 ppm Hf,                           
~386 ppm Nb,                          
~2 ppm Ta,                             
Zr/Hf = ~61.5,                       
Nb/Ta = ~193 
~2619 ppm total REE, 17.2 
ppm Y 
215 ppm Li, 181 ppm Be 
Wall Zone 
71.9 -74.1 wt.% SiO2,          
14.55 - 16.95 wt.% Al2O3,                 
< 1.3 wt.% Fe2O3,                
MgO < 0.15 wt.%,                     
< 0.4 wt.%CaO,                           
7.2 - 10 wt.% Na2O,                
< 2.5 wt.% K2O,            
Na2O/K2O =3.64-71.36 
6-67 ppm Zr,                               
<2 ppm Hf (most samples 
show Hf below detection 
limit),                                          
137 to 182.5 ppm Nb,               
1.1-2.1 ppm Ta,                    
Nb/Ta = 87-124.5 
total REE < 300 ppm,                
Y < 10 ppm except one 
sample showing total REE > 
1000 ppm and 48.4 ppm Y,                    
Y/Ho= ~ 32- 60 
7.4-118.5 ppm Li, Be < 25 ppm 
except one sample showing 302 
ppm Be 
Least altered LIZ 
77.3 -81.7 wt.% SiO2,              
~ 7.4 wt.% Al2O3,               
4.41-9.37 wt.% Fe2O3,                                                     
< 1 wt.% MgO,                          
≤ 0.15 wt.% CaO,                      
<3 wt.% Na2O,                       
<3.5 wt.% K2O  
72-89 ppm Zr,                           
1.9-2.5 ppm Hf,                         
821-1305 ppm Nb,                  
6.3-12.2 ppm Ta,                     
Zr/Hf = 28.8 -46.8,                
Nb/Ta = 107 -130.3 
419.4 - 482.9 ppm total REE, 
52.2-56.9 ppm Y,                   
Y/Ho = ~22 
44.1-97.3 ppm Li,                       
47.2 - 64.4 ppm Be 
More altered LIZ 
70.7- 74.1 wt.% SiO2,             
1.88 - 2.1 wt.% Al2O3,                           
14.7 - 16.7 wt.% Fe2O3,   
0.84-1.17 MgO,                                   
~ 1.4 wt.% TiO2,                         
~ 0.11 wt.% Na2O,                
1.45-1.67 wt.% K2O  
661 -702 ppm Zr,                     
6.8-7.2 ppm Hf,                      
1140-1150 ppm Nb,              
11.7-12.9 ppm Ta,                                                       
Zr/Hf = ~ 97,                          
Nb/Ta = 88.4-98.3  
181.3-322.4 ppm  total REE, 
81-91.1 ppm Y,                        
Y/Ho = 22.2-23.4 
620-760 ppm Li,                       
163.5-240 ppm Be 
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More altered LIZ with Ply 
61.3- 83.8 wt.% SiO2,              
3.8 - 8.54 wt.% Al2O3,                     
9.03 - 11.3 wt.% Fe2O3,  
0.43-2.3 wt.% MgO,          
0.15 - 1.36 wt.%  CaO,         
1.04 - 7.96 wt.% K2O, Na2O 
< 0.1 wt.% except one 
sample showing >1 wt.% 
Na2O 
181-393 ppm Zr,                      
4.5-7.6 ppm Hf,                       
649-1075 ppm Nb,                  
6.3-7.4 ppm Ta,                     
Nb/Ta =101.8 -117.5,           
Zr/Hf = 39.3 to 100.8 
the majority of the samples 
showing total REE < 300 
ppm,  ~ 31-77.5 ppm Y,                     
Y/Ho = 55.8 - 65.7 
2340-21000 ppm Li,                    
43-110 ppm Be 
More altered LIZ with Phk 
74.1 - 80.6 wt.% SiO2,                 
1.01 - 4.69 wt.% Al2O3,        
7.77 - 12.2 wt.% Fe2O3,        
0.83-1.26 wt.% MgO,          
<0.2 wt.% Na2O,                
0.69-5.52 wt.% K2O,           
0.67 - 0.78 wt.% TiO2 
138-494 ppm Zr,                      
1.7-4.9 ppm Hf,                       
668-1075 Nb,                           
4.9-9.2 ppm Ta,                     
Zr/Hf =52.8-100.8,                
Nb/Ta = 111.5-136.3 
~193-501 ppm total REE, 
18.9-141.5 ppm Y, Y/Ho = 
20.9-24.9 
222-4890 ppm Li,                      
1900-13200 ppm Be 
QP unit 
61-67.5 wt.% SiO2,              
7.39-11.3 wt.% Al2O3,           
6.54 - 10.8 wt.% K2O, 
Na2O/K2O< 0.02,  
Zr < 150 ppm,                           
Hf < 5ppm,                                 
4.1 - 8.2 ppm Ta,                       
602 - 886 ppm Nb,                
Zr/Hf = 40 - 45,                   
Nb/Ta= 108 to 157.4 
44.6-168.5 ppm total REE, 
17.6- 50.9 ppm Y, Y/Ho = 
56.8-71.1 
17,600-30,600 ppm Li,            
133.5-352 ppm Be 
QP unit with Phk 
60.3 - 83.6 wt.% SiO2,          
2.67 - 7.51 wt.% Al2O3,         
0.63 - 14.7 wt.% Fe2O3,      
0.19 - 3.85 wt.%  MgO,          
0.6 - 5.61 wt.% CaO,           
Na2O < 0.1 wt.%,                   
2.5-6.5 wt.% K2O,               
Na2O/K2O < 0.05 
Zr < 200 ppm,                             
< 4 ppm Hf,                               
160.5 to 1385 ppm Nb,           
<12 ppm Ta,                            
Zr/Hf ≤ 81,                             
Nb/Ta  > 90                         
4.0-393.3 ppm total REE, Y < 
20 ppm except one sample 
showing 140 ppm, Y/Ho = 
29.3-100 ~400-14350 ppm Li,                
6800-16900 ppm Be 
  151 
Phenakite Zone 
79.4 -92.1 wt.% SiO2,            
0.15 - 1.62 wt.% Al2O3,          
1.08 - 2.91 wt.% Fe2O3,        
0.09 - 2.53 wt.% CaO,          
0.01 - 0.38 wt.% MgO,          
0.02 - 0.86 wt.% K2O,      
Na2O< 0.05 wt.% 
4-11 ppm Zr,                            
12.8-22.3 ppm Nb,                     
~ 0.1 ppm Ta,                             
Hf below detection limit,  
total REE < 10 ppm,                  
~7-20 ppm Y,                            
Y/Ho = 33.7-92.7 with 
majority > 70 
30-154.4 ppm Li,                  
18,800-40,500 ppm Be 
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Table 3-3 Sequence of alteration events and comparison between unaltered and altered rocks during individual events. 
Alteration Stage Alteration Type Unaltered Rock Altered Rock 
T Zone       
Stage I silicification along with replacement of aegirine by quartz + magnetite + rare HFSE minerals least altered LIZ more altered LIZ 
Stage II polylithionite alteration more altered LIZ LIZ with polylithionite alteration 
Stage III phenakite alteration LIZ with polylithionite alteration  LIZ with phenakite alteration 
Host Granite       
Stage I biotite-chlorite alteration relatively fresh granite granite with biotite-chlorite alteration 
Stage II fluorite alteration granite with biotite-chlorite alteration granite with fluorite alteration 
Stage III silicification granite with fluorite alteration silicified granite 
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Table 3-4 Gain/loss magnitudes of HFSE during different alteration events of the T Zone and host granite. 
Alteration Stage Unaltered Rock Altered Rock Gain in HFSE (ΔCi/CiO) 
Loss in HFSE 
(ΔCi/CiO) 
T Zone         
Stage I least altered LIZ more altered LIZ 
Nb increased by ~15% ; Ta increased by 35-49%; Zr 
increased by ~800%; Hf increased by ~250%; Gd-Tm 
increased by up to 84%; Yb increased by up to 190%; Lu 
increased by ~ 500%; Y increased by 60-80%; Ti 
increased by ~ 1300%. 
up to 70% LREE 
(La-Nd) were 
removed;  
Stage II more altered LIZ 
LIZ with 
polylithionite 
alteration 
no addition of HFSE. 
up to 47% Ti, 25-
44% Nb, 40-49% Ta, 
43-74% Zr and up to 
37% Hf were 
removed; 60-91% 
MREE and HREE 
(Gd-Lu) and up to 
64% Y were 
removed. 
Stage III 
LIZ with 
polylithionite 
alteration; QP unit 
LIZ with phenakite 
alteration; QP unit 
with phenakite 
alteration 
addition of HREE (Er-Lu); Er increased by up to 860%; 
Tm increased by up to 1320%; Yb increased by up to 
820%; Lu increased by up to 570%; Th increased by up 
to 4800%. 
11-43% Ti was 
removed. 
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Host Granite         
Stage I relatively fresh granite 
granite with biotite-
chlorite alteration 
Ti increased by up to 261%; Nb increased by up to 
112%; Ta increased by up to 31%; Zr increased by up to 
115%; Hf increased by up to 95%; LREE (La-Nd) 
increased by up to 400%; MREE increased by up to 
200%; HREE increased by up to 100%. 
no loss in HFSE. 
Stage II granite with biotite-chlorite alteration 
granite with fluorite 
alteration 
Nb increased by 477-3200%; Ta increased by 1472%; Th 
increased by up to 360%; and U increased by 10 to 120 
times. 
up to 93% HREE 
(Ho-Lu) and 82% Y 
were removed. 
Stage III granite with fluorite alteration silicified granite no addition of HFSE. 
75% Ti, 90% Nb, 
95% Ta, 71% Zr, 
74% Hf, ~ 50% 
LREE (La-Nd), ~ 
50% MREE (Sm-
Dy), ~ 80% HREE 
(Ho-Lu) and ~ 90% 
Y were removed. 
Note: ΔCi/CiO is the relative gain/loss, which is defined by defined by (MA/MO)(CiA/CiO) -1. MA and MO stand for the mass after alteration and mass before 
alteration; CiA and CiO represent the concentration of element i in the altered rock and unaltered rock, respectively; ΔCi is the change in concentration of element 
“i” (Grant, 2005). 
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Chapter 4  
Zircon Chemistry and Ti-in-zircon Geothermometry: 
Implications for HFSE Mineralization in the T Zone of the 
Thor Lake Rare-element Deposit, Northwest Territories, 
Canada 
 
4.1 Introduction 
Zircon, a common accessory mineral in igneous rocks, can also form as a result of 
metamorphic and hydrothermal processes. Its morphology, internal textures, and 
chemical composition can reflect its environment of formation and can be modified by 
metamictization, recrystallization and hydrothermal alteration (Corfu et al, 2003). 
However, zircon is still regarded as one of the most chemically resistant and refractory 
minerals in crustal rocks and mantle xenoliths, and can survive weathering, transport 
processes and even high-temperature metamorphism, preserving information regarding 
environment of formation (Belousova et al., 2002). Because of these characteristics, 
zircon has been widely studied in order to extract information on the genesis of a variety 
of rock types (Corfu et al., 2003; Hoskin and Schaltegger, 2003). Recently, the trace 
element chemistry (particularly Ti, REE, U and Th) of zircon has been used by many 
authors to understand parental sources and formation temperatures of igneous and 
metamorphic rocks (e.g., Hoskin et al., 2000; Belousova et al., 2002; Watson and 
Harrison, 2002, 2005; Hoskin and Schaltegger, 2003; Pettke et al., 2005; Coogan and 
Hinton, 2006; Watson et al., 2006; Ferry and Watson, 2007; Harrison et al., 2007; Fu et 
al, 2008; Schwartz et al., 2010). Although extensive investigation on magmatic and 
metamorphic zircon has been conducted, there are only a few detailed studies focused on 
hydrothermal zircon formed in various environments (e.g., Pettke et al., 2005; Fu et al., 
2009; Nardi et al., 2012; Sheard et al., 2012; Hoshino, et al., 2012). An issue in studies of 
hydrothermal zircon in magmatic-hydrothermal environments is being able to distinguish 
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magmatic from hydrothermal zircon. In some cases, the morphology and trace element 
characteristics of hydrothermal zircon may become indistinguishable from their 
magmatic counterpart (Hoskin and Schaltegger, 2003; Schaltegger, 2007; Fu et al., 2009; 
Sheard et al., 2012; Hoshino et al., 2012). In addition, late-stage alteration of magmatic 
zircon can introduce more confusion. Element ratios (e.g., Th/U, Ta/Nb, and Zr/Hf), 
which are commonly used discriminants, may also be unreliable in certain cases (Fu et 
al., 2009). Nevertheless, REE concentration data obtained by LA-ICP-MS on 
hydrothermal and magmatic zircon have been used successfully by some authors to 
distinguish the two types (e.g., Fu et al., 2009; Nardi et al., 2012; Piilonen et al., 2012). 
Nardi et al. (2012) have pointed out that hydrothermal zircon from granites hosting the 
Sn-rare-metal-cryolite deposit at Pitinga in northern Brazil, Amazonia, exhibits M-type 
tetrad effects in chondrite-normalized REE patterns. Rare earth elements split into four 
distinctive groups or tetrads, namely La-Nd, Pm-Gd, Gd-Ho and Er-Lu on logarithmic 
plots (Peppard et al., 1969; Masuda and Ikeuchi, 1979; Masuda et al., 1987; Bau, 1996; 
Bau et al., 1998; Irber, 1999; Jahn et al., 2001; Monecke et al., 2007). Although the 
fundamental reason for the apparent sub-division of the lanthanides is not yet clear, this 
phenomenon has been demonstrated by some authors to be related to the electron 
configuration and the type of complexing ligands (or fluid chemistry) or partitioning 
affected by co-precipitated minerals (Bau, 1996; Monecke et al., 2011; Nardi et al., 
2012).  
The Thor Lake rare-element (Y-REE-Nb-Ta-Zr-Be) deposit in the Northwest Territories, 
Canada (Fig. 4.1), is one of the largest peralkaline-complex-related HFSE mineral 
deposits in the world, and an important example of rare-element mineralization (Trueman 
et al., 1984, 1988; de St Jorre, 1986; de St Jorre and Smith, 1988; Pinckston, 1989; Smith 
et al., 1991; Taylor and Pollard, 1996; Sheard et al., 2012; Hoshino, et al., 2012). The 
relative enrichment of heavy rare earth elements (HREE) makes it distinctive from many 
carbonatite-hosted REE mineral deposits (Salvi and Williams-Jones, 2005). The Thor 
Lake mineral deposit comprises two main mineralized zones, namely the T Zone and the 
Nechalacho deposit (formerly known as the Lake Zone), and both mineralized zones 
show significant hydrothermal overprinting (Sheard et al., 2012; Chapters 2 and 3). 
Other, smaller mineralized zones include the R, S and Fluorite Zones (Trueman et al., 
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1984; Fig. 4.2A). Recent field observations have confirmed that the T Zone was 
originally a pegmatite that was pervasively overprinted by late-stage hydrothermal 
activity (Chapter 2). Both magmatic and hydrothermal zircon has been reported in the 
deposits and their host rocks at Thor Lake (de St Jorre, 1986; de St Jorre and Smith, 
1988; Sheard et al., 2012; Hoshino et al., 2012; Chapter 2). The T Zone provides an 
opportunity to determine the diagnostic characteristics of hydrothermal zircon and the 
temperatures of mineralization that zircon has recorded. Moreover, zircon is abundant in 
the Nechalacho deposit and the Fluorite Zone (Pederson et al., 2007; Sheard et al., 2012; 
Hoshino et al., 2012). The Fluorite Zone, which lies on the same strike trend as the T 
Zone, to the south of the Nechalacho deposit, has been postulated as an extension of the T 
Zone (Trueman et al., 1984; de St jorre, 1986). Thus, comparing the composition of 
zircon from the T Zone, Fluorite Zone and Nechalacho deposits may help reveal the 
genetic relationships between the T Zone and the other mineralized zones and the 
alteration history at Thor Lake. Sheard et al. (2012) identified three types of zircon in the 
Nechalacho deposit and carried out trace element analysis using EPMA. In their study, 
not all rare earth elements were determined and the normalized REE patterns were thus 
not complete. Hoshino et al. (2012) divided the zircon into five groups and obtained 
chemical data using EPMA and LA-ICP-MS.  
In this contribution, we have combined detailed optical microscopy, CL-imaging, SEM-
EDS, EPMA and LA-ICP-MS to correlate textural characteristics and chemical 
compositions between different zircon types, providing important information carried by 
zircon grains regarding the T Zone mineralization. Our study shows that the magmatic 
and various types of hydrothermal zircon from Thor Lake are characterized by different 
trace element chemistry and that interaction between zircon and fluids resulted in 
modification of their composition. Titanium-in-zircon and titanium-in-quartz 
geothermometers were employed to constrain the mineralizing temperatures of the T 
Zone. The crystallization temperatures for the magmatic zircon from host granite and 
syenite are similar, ranging from 792 to 1195 °C. Additionally, hydrothermal zircon of 
various types exhibited different chondrite-normalized REE patterns and prominent REE 
tetrad effects. The reason for the tetrad effects in the REE patterns of hydrothermal zircon 
is likely related to fluid chemistry. 
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4.2 Geologic Setting   
The Thor Lake rare-metal (Y-REE-Nb-Ta-Be-Zr-Ga) deposits are hosted by an 
assemblage of Proterozoic alkaline syenite and granite that have seen strong 
metasomatism. The host rocks are the youngest units in the Paleoproterozoic Blachford 
Lake Intrusive Complex, located about 100 kilometers southeast of Yellowknife, NWT, 
Canada (Hoffman et al., 1977; Davidson, 1978, 1982; Trueman et al., 1984, 1988; de St 
Jorre, 1986; de St Jorre and Smith, 1988; Pinckston, 1989; Smith et al., 1991; Taylor and 
Pollard, 1996; Pedersen et al., 2007). The Blachford Lake Complex, which is interpreted 
as having formed during the development of the Authapuscow aulacogen underlying the 
eastern arm of Great Slave Lake, consists mainly of five plutonic phases, which are, from 
oldest to youngest: Caribou Lake Gabbro, Whiteman Lake Quartz Syenite, Hearne 
Channel Granite/Mad Lake Granite, Grace Lake Granite and Thor Lake Syenite 
(Davidson, 1982; Taylor and Pollard, 1996; Fig. 4.1). As the last two units are spatially 
closely associated, have similar zircon U-Pb ages, and show no distinct intrusive contact 
with one another, they have always been considered as one unit (Davidson, 1982; Taylor 
and Pollard, 1996). Recently, a nepheline syenite, which was initially identified by 
drilling (Pinckston, 1989) and gravity modeling (Birkett et al., 1994), has now been 
identified in field outcrops south of Thor Lake (Sheard et al., 2012) and extensively 
drilled by Avalon Rare Metals Inc. According to Bowring et al. (1984), zircon U-Pb 
dating yielded an age of 2094 ± 10 Ma for the Thor Lake Syenite. The Grace Lake 
Granite was dated 2176.2 ± 1.3 Ma using zircon U-Pb and monazite Th-Pb dating 
(Sinclair et al., 1994). 
Five zones with rare-metal mineralization have been identified at Thor Lake: the Fluorite, 
Nechalacho, R, S and T Zones (Fig. 4.2A) (Davidson, 1982), of which, the T Zone and 
Nechalacho deposits, are the two largest mineralized bodies. The Nechalacho deposit is 
particularly enriched in Zr, Ta and HREE, and the T Zone in Be, Y, and LREE (Pederson 
et al., 2007). Descriptions of the Nechalacho deposit, which is hosted by the Thor Lake-
Nechalacho Layered Alkaline Complex, can be found in Sheard et al. (2012). The T Zone 
mostly occurs within the Thor Lake syenite, but extends northwestwards approximately 
one hundred meters into the Grace Lake granite (Fig. 4.2A). However, there is debate on 
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the relationship between the Grace Lake Granite and the Thor Lake Syenite. The reasons 
for this are that the two phases are texturally similar, only differing in their quartz 
content, and the contacts between the two are gradational (D. Trueman, 2008, personal 
communication).  The T Zone comprises two spatially separate sub-zones, the North T 
Zone and South T Zone, each of which is lithologically zoned. Mineralogical studies of 
the T Zone have revealed the presence of several types of rare-element-bearing minerals, 
such as bästnaesite-group minerals (bastnäsite-(Ce), parisite-(Ce) and synchysite-(Ce), 
which normally occur as polycrystal-syntactic intergrowths of two or three species, 
pyrochlore, columbite, tantalite, zircon, phenakite, bertrandite, xenotime, gadolinite and 
Ga-enriched feldspar (Trueman et al., 1984, 1988; de St Jorre, 1986; de St Jorre and 
Smith, 1988; Smith et al., 1991; Taylor and Pollard, 1996). The Fluorite Zone, which lies 
at the southeast apex of the Nechalacho deposit, lies on the same linear trend that defines 
the elongation of the T Zone (Trueman et al., 1984; Pederson, 2007). The Fluorite Zone 
is regarded as a metasomatized equivalent to the host syenite and the original mineral 
assemblage in the syenite has been replaced by fluorite + carbonates + chlorite + HFSE 
minerals (mainly zircon and bastnäsite-group minerals)(Trueman et al., 1984; de St jorre, 
1986; Pederson et al., 2007). 
Field observations show that the T Zone (especially the North T Zone) was originally a 
pegmatite that has been significantly altered by hydrothermal fluids (Chapter 2). The T 
Zone comprises, from rim to core, a Wall Zone, Lower Intermediate Zone (LIZ), Upper 
Intermediate Zone (UIZ) and Quartz Core Zone (Trueman et al., 1988; Pederson et al., 
2007; Fig. 4.2B and Fig. 4.3). Locally, pegmatitic textures are preserved in the Wall Zone 
and LIZ (Fig. 4.4a, b). The Wall Zone is composed of coarse-grained K-feldspar, 
radiating albite (cleavelandite), and minor quartz. The LIZ rocks are inhomogeneous and 
silicified, and dominated by quartz, albite, aegirine, biotite, magnetite, hematite, Ti-
oxides fluorite and carbonates with minor zircon, ferrocolumbite, pyrochlore, xenotime 
and thorite (Chapter 2). Locally, niobium-bearing phases (ferrocolumbite and pyrochlore) 
are present in significant quantites (>10%) and this part of the LIZ has been termed 
quartz-columbite-pyrochlore unit (Chapter 2). The LIZ locally contains granite and/or 
syenite xenoliths (Trueman et al., 1985, 1988). The UIZ cross cuts the LIZ and is 
represented by a quartz-polylithionite (QP) unit in the outcrops. The QP unit is 
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characterized by massive quartz, with coarse-grained euhedral polylithionite, albite, and 
HFSE minerals including bastnäsite, zircon and phenakite. At the contact between the QP 
unit and the LIZ, the LIZ has been replaced by a polylithionite-rich zone, where 
polylithionite has replaced albite and altered aegirine (Chapter 2). The Quartz Core Zone 
is predominately composed of massive quartz with minor bastnäsite and carbonates, the 
latter filling vugs, and has a gradational contact with the UIZ. In the outcrops of the 
North T Zone, the Wall Zone exhibits significant brecciation caused by the emplacement 
of the QP unit (Chapter 2).  
Detailed mapping of the outcrop in the North T Zone (Fig. 4.3) demonstrates that it has 
been affected by three principal alteration events (Chapter 2). From earliest to latest, 
these are represented by silicification, along with replacement of aegirine and 
arfvedsonite by Fe and Ti oxides, polylithionite alteration (or Li metasomatism), and 
phenakite alteration (or Be metasomatism, defined by occurrence of significant 
phenakite; Fig. 4.4d). These alteration events are closely related to precipitation of 
HFSE-bearing minerals (Chapter 2). 
4.3. Analytical Methods 
4.3.1 Scanning Electron Microscopy-Energy Dispersive Spectroscopy (SEM-EDS)  
The SEM-EDS analyses were performed at the SEM Laboratory at the Great Lakes 
Institute for Environment Research (GLIER), University of Windsor. The SEM was set at 
high vacuum mode, both 15 kV and 20 kV voltages were used to optimize image quality, 
and spot size was set at 3.5 microns for EDS analysis. X-ray mapping of zircon was 
conducted to check compositional variation within individual zircon crystals. 
4.3.2 Electron Probe Microanalysis (EPMA)  
Prior to EPMA, cathodoluminescence (CL) imaging was performed at the SEM-EDS 
Lab, Great Lakes Institute for Environmental Research, University of Windsor to 
characterize domain distribution and zoning in the magmatic zircon grains. The zoning in 
the magmatic zircon grains on BSE images is not as clear as it is on CL images. Electron 
probe analysis of the magmatic zircon grains from the Thor Lake Syenite and Grace Lake 
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Granite was conducted at the Electron Microprobe Lab, University of Michigan, Ann 
Arbor, using a Cameca SX100 electron microprobe. In order to avoid secondary 
fluorescence of Ti caused by Ti-rich phases such as ilmenite and rutile during the electron 
microprobe analysis (Watson et al., 2006; Baldwin et al., 2007), we analyzed zircon 
crystals without adjacent Ti-rich phases (the Ti-rich phases were at least 100 microns 
distant).   Zircon was analyzed for Si, Zr, P, Ca, Y, Nb, Hf, Ce, Gd, Dy, Er, Yb, Ti and 
Th. Cerium, Gd, Dy, Er, Yb and Y were the only rare earth elements analyzed due to 
interferences between neighbouring REE. Analysis of Ti in the zircon was conducted 
following the protocol proposed by Watson et al. (2006). The standards included a Ti-
free synthetic zircon (for Zr and Si) and a natural rutile (for Ti). The accelerating 
potential and sample current for the analyses were set at 15 kV and 100 nA, respectively. 
Titanium was analyzed separately and Kα X-rays were collected through three different 
crystals (namely PET, LPET and LLIF), using three of five spectrometers. The 
acquisition times on the peak and background were 240s and 120s, respectively, to lower 
the detection limit for Ti down to ca. 20 ppm. In addition, Kα and Lα X-rays were 
collected through the TAP crystal for Si and Zr, respectively. Table 3 gives the 
information on the X-ray collection and acquisition times for different elements. 
4.3.3 LA-ICP-MS analysis 
LA-ICP-MS was used to analyze zircon for Ti and REE in order to circumvent the 
limitations of EMPA analysis, namely the higher detection limits, secondary fluorescence 
of Ti, and peak interferences between neighbouring rare earth elements (Watson et al., 
2006; Baldwin et al., 2007). 
4.3.3.1 Experiment Conditions 
Analyses were carried out at the LA-ICP-MS Lab, Great Lakes Institute for 
Environmental Research, University of Windsor. The system comprises a Quantronix® 
Integra-C 785 nm, diode-pumped, yttrium-lithium fluoride (YLF), ultra-fast (130 
femtosecond pulse width) laser, coupled to a Thermo® X Series II quadrupole ICP-MS. 
The zircon crystals from different samples were divided into three batches for analysis. 
For the first and third batches, a 1.5 mm pinhole and objective lens with 10 times 
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magnification were used, whereas a 1.0 mm pinhole and objective lens with 25 times 
magnification were used for the second batch to deal with smaller zircon crystals. The 
working conditions of the laser and analyzed isotopes are listed in Table 4-3. NIST 610 
synthetic glass and argon were used as the external standard and carrier gas, respectively. 
Analyses were carried out by traversing across the sample surface.  Zirconium, Si and Ca 
were used as the internal standards for LA-ICP-MS analyses of zircon, quartz and 
fluorite, respectively. Stoichiometric Zr concentration (497652 ppm) in zircon, 
stoichiometric Si concentration (467400 ppm) in quartz and stoichiometric Ca 
concentration (513300 ppm) in fluorite were used for calculating trace element 
concentrations. Detection limits for the analyzed isotopes are summarized in Table 4-4. 
4.3.3.2 Interferences and Corrections 
In order to use the titanium-in-zircon and Ti-in-quartz geothermometers, accurate 
analyses of the Ti concentrations in zircon and quartz are required. A number of 
interferences on the Ti isotopes need to be assessed when analyzing Ti in zircon and 
quartz, and when using the NIST-610 silicate glass as the external standard. Potentially 
important interferences are summarized in Table 4-5. For 47Ti, Li-argide (7Li40Ar) 
presents a potential molecular interference, and for 48Ti, which is the most abundant Ti 
isotope, 48Ca can result in an isobaric interference. Also, there is a potential molecular 
inference on 46Ti caused by 30Si16O. To assess these interferences, low-temperature 
authigenic calcite and quartz from the Sherman Fall Formation, southwestern Ontario, 
which should contain little or no Ti, were analyzed for 6Li, 7Li, 9Be, 29Si, 30Si, 42Ca, 44Ca, 
48Ca, 46Ti, 47Ti, 48Ti, 49Ti and 50Ti.  
LA-ICP-MS analyses show that Ti concentrations based on 46Ti are up to two orders of 
magnitude higher than Ti concentrations based on 47Ti, 48Ti, 49Ti or 50Ti in the Thor Lake 
zircon and quartz crystals. Counts for 46Ti in quartz are up to one order of magnitude 
higher than the counts for 48Ti (Table 4.6 and Fig. 4.7). This indicates that a molecular 
inference on 46Ti caused by 30Si16O likely existed during analysis on zircon and quartz. 
This interference, however, was likely insignificant for NIST-610 as 46Ti/49Ti ICP count 
ratios for NIST-610 are very close to the 46Ti/49Ti natural isotope abundance ratio (Table 
4-6). The 7Li40Ar interference on 47Ti appears to have affected Ti concentrations 
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calculated using 47Ti, which are higher than those calculated using 48Ti, 49Ti and 50Ti. As 
it is difficult to assess these interferences on 46Ti and 47Ti, these isotopes should not be 
used for calculating Ti concentrations in zircon and quartz. 
Because 49Ti and 50Ti are low-abundance isotopes, and these isotopes in low-temperature 
quartz and zircon are commonly below the detection limits, 48Ti was used for calculating 
Ti concentrations. Zircon and quartz commonly have low Ca concentrations, thus the 
isobaric interference on 48Ti by 48Ca will be unimportant. However, Ca is one of the 
major elements in NIST-610 such that this isobaric interference has a significant 
influence on 48Ti for NIST-610. Therefore, the counts for 48Ti in NIST-610 need to be 
corrected (Table 4-5 and 4-6) by subtracting the contribution from 48Ca. The latter were 
calculated by multiplying the 44Ca counts by the 48Ca/44Ca count ratio determined from 
the low temperature calcite.  The final possible interference to consider for NIST 610 is 
28Si16O on 44Ca (May and Wiedmeyer, 1998), which was encountered during the analysis 
of quartz (Fig. 4.7 and Table 4-5). However, the 42Ca/44Ca count ratio for NIST 610 is 
consistent with that for the low-temperature calcite, which indicates that this polyatomic 
interference was not important during the analyses of NIST-610 (See Table 4-5). Two 
isotopes of Mo (97Mo and 100Mo) and 120Sn were also analyzed to help assess possible 
mass inferences caused by Mo on Fe and La, and by Sn on Ce, Gd, Tb and Dy. 
4.4. Results  
4.4.1 Petrography of Zircon in the T Zone and Host Granite 
Zircon in the T Zone and its host granite show variation in morphology, texture, grain 
size and composition, and can be broadly classified into three types. The first type of 
zircon (Type 1) is mainly distributed in the quartz-bastnäsite unit and phenakite-altered 
rocks (or Phenakite Zone in Chapter 2) whose protolith can be either the LIZ or QP unit. 
Its occurrence is closely related to either irregular replacement textures or pseudomorphs 
with a prismatic to rhombic habit (Fig. 4.5a; Table 4-1). Textural relationships indicate 
that Type 1 zircon is hydrothermal (Chapter 2). The morphology of the prismatic to 
rhombic pseudomorphs suggests the precursor mineral was aegirine (Chapter 2). Type 1 
zircon is mostly euhedral to subhedral and fine grained (10 to 50 microns), and exhibits 
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distinct growth zoning. In plane-polarized light, Type 1 zircon is colorless to yellowish 
and the zones including core and rim can be recognized. The majority of the unaltered 
Type 1 zircon is transparent  and free of mineral inclusions, but hematite inclusions are 
present in some of the unaltered Type 1 zircon. In some cases, Type 1 zircon has been 
altered and contains abundant inclusions, rendering semi-opaque. Type 1 zircon has been 
further subdivided into two groups based on the mineral assemblage in which it occurs. 
Type 1a (Fig. 4.5a) is associated with massive quartz and bastnäsite-group minerals, 
whereas Type 1b (Fig. 4.5b) occurs with fluorite, carbonates (typically calcite and 
siderite), sulfides and quartz (Table 4-1). Both Type 1a and 1b zircon has been replaced 
in places by ferrocolumbite, xenotime and rarely monazite. Backscatter electron images 
show that some Type 1 zircon has been altered. Altered portions of crystals are 
represented by dark and porous domains and the textures indicate that the alteration 
started from the rim and that fluids penetrated to the core along fractures (Fig. 4.5e, f). 
This alteration was accompanied by the precipitation of REE-bearing minerals including 
xenotime (Fig. 4.5f) and bastnäsite-group minerals. 
The second type of zircon (Type 2) is anhedral (rarely subhedral), fine grained (ca. 5 to 
30 microns) and not clearly zoned, and mostly occurs as aggregates with irregular shapes. 
Type 2 zircon is generally found in similar rhombic pseudomorphs (originally aegirine) 
in the Lower Intermediate Zone and is closely associated with rutile, massive quartz, 
magnetite, hematite and xenotime (Chapter 2). Hence, Type 2 zircon is also considered to 
be hydrothermal. An intergrowth between Type 2 zircon and xenotime has been observed 
in some rocks from the Lower Intermediate Zone. Type 2 zircon is always in direct 
contact with anatase and/or rutile and therefore the three minerals are considered coeval 
(Fig. 4.5).  
The third type of zircon (Type 3) occurs in the host Thor Lake Syenite and Grace Lake 
Granite. Compared to the hydrothermal zircon of the T Zone (Types 1 and 2), Type 3 
zircon is coarser grained (50 to 300 microns) and is characterized by fine, oscillatory 
zoning that is only evident using cathodoluminescence. In a majority of zircon crystals, 
the zoning has been partially obscured by late alteration (Fig. 4.5d and h). Type 3 zircon 
is either interstitial to, or occurs as inclusions in, alkali feldspar and is associated with 
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quartz, rutile, ilmenite, chlorite and apatite. Type 3 zircon is partially replaced by 
monazite in some granite samples. Due to the large grain size, textures, mineral 
associations and oscillatory zoning that is similar to magmatic zircon reported by other 
authors, Type 3 zircon is considered to be magmatic.  
Zircon in the Fluorite Zone is present as a secondary mineral (Pedersen et al., 2007) and 
shows similar morphology, grain size and zoning to Type 1 zircon from the T Zone. This 
zircon is similar to Type 1b zircon in that it is closely associated with fluorite, calcite, 
siderite, chlorite, sulfides, hematite and quartz. Also, like Type 1 zircon, it has been 
partially altered and contains dark and porous alteration domains that have resulted from 
mineral-fluid interaction (Fig. 4.5). 
4.4.2 SEM-EDS analysis and X-ray Mapping  
Fifty-eight zircon grains in 4 different rock samples (DA19, DA23, T11 and X28) from 
the T Zone, and four zircon grains in one sample (F-7) from the Fluorite Zone were 
analyzed by SEM-EDS, including 24 Type 1a, 17 Type 1b and 17 Type 2 zircon crystals. 
X-ray mapping using SEM-EDS was performed on 8 Type 1 zircon grains from sample 
X28.  
Both EDS analysis and X-ray mapping show that zircon types 1a and 1b are zoned (Fig. 
4.5e). Backscattered electron images also show that secondary REE-bearing minerals 
such as xenotime and bastnäsite were precipitated in the pores of the altered zircon (Fig. 
4.5f). The altered zircon has higher Ca, Y, and REE concentrations than the unaltered 
zircon but the distribution of Nb, Ta and P in the altered zircon mimics the zonation seen 
in the unaltered zircon (Fig. 4.6g and h). In contrast to Type 1 zircon, Type 2 zircon is not 
altered, does not display any dark and porous domains, and there is no correlation 
between Ca and Y (or other REE) concentrations. 
4.4.3 EPMA 
Compared to magmatic zircon, hydrothermal zircon generally crystallizes at relatively 
low temperatures and should contain Ti concentrations that are below electron probe 
detection limits (Watson et al., 2006). Thus, only magmatic zircon from Thor Lake was 
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analyzed for Ti and other trace elements using electron probe. Four Type 3 zircon grains 
(2 from the Grace Lake Granite and 2 from the Thor Lake Syenite) were analyzed, with 
forty-seven analytical points in total. Appendix 4 provides the analytical results for 
different compositional domains in the magmatic zircon crystals.  
The CL imaging of magmatic zircon grains shows the oscillatory zoning as well as 
domains with chaotic texture (Fig. 4.5h). The CL images also reveal that the internal 
textures of the magmatic zircon have been partially damaged by either metamictization or 
interaction with late fluids.  Oscillatory zoning is absent from the dark domains, 
indicating that the dark domains are more altered than the relatively bright domains 
where zoning is preserved. The dark domains are enriched in trace elements, including 
Ca, Ti, and REE, relative to the bright domains in the CL images. The low Zr and Si 
concentrations in the dark domains are consistent with the fact that these domains are 
more altered than the bright domains. Calcium and Ti concentrations in the dark domains 
of the magmatic zircons range from 67 ppm to 1.23 wt.% and from 29 to 988 ppm (256 
ppm on average), respectively. The bright domains contain relatively low Ca (2-3825 
ppm) and Ti (< 25-148 ppm; average ca. 33 ppm). The dark domains have 2 to 10 times 
higher Ce, Gd, Yb and Th concentrations than the bright domains (Appendix 4). Hafnium 
concentrations are comparable in both the dark and bright domains. 
4.4.4 LA-ICP-MS 
Forty Type 1a zircon grains from three samples of (X20, X28 and NTZ 6) and forty-two 
Type 1b zircon grains from two samples of the quartz-bastnäsite unit (X24 and AN8), 
seven Type 2 zircon grains from Sample AN6 (the more altered LIZ), fifteen zircon 
grains from the Fluorite Zone (Sample F7), and thirty-three zircon grains from three host 
rock samples (AN1, AN3 and X29) were analyzed. In addition, 17 quartz grains from the 
host granite (relatively fresh granite sample X29 and altered granite sample AN1), 35 
quartz grains from the quartz-bastnäsite unit (Sample AN8, NTZ-6, X28 and TH34), 39 
quartz grains from the more altered LIZ (Sample X26, AN6, TZ23 and 0908-06), 9 
quartz grains from the QP unit (Sample TZ23 and AN2), 23 quartz grains from strongly 
phenakite-altered rock in the T Zone, and 10 quartz grains from the Fluorite Zone were 
analyzed for Al, Ti, Li, Be and Mn. Fluorite associated with Type 1b zircon in the T Zone 
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and zircon in the Fluorite Zone were analyzed for REE to investigate the potential control 
on REE partitioning between zircon and fluorite. Trace element concentrations in zircon, 
quartz, and fluorite are provided in appendices 4-B, 4-C and 4-D respectively.   
4.4.4.1 Zircon Chemistry 
To eliminate the effects of late alteration, zircon showing obvious alteration or 
metamictization was not analyzed. Because the majority of Type 1 zircon, some Type 3 
zircon, and zircon from the Fluorite Zone are characterized by narrow growth zones (< 10 
microns), it was not possible to analyze the compositions of different zones within 
individual zircon crystals and therefore average element concentrations for whole zircon 
grains are reported. For zircon types 1a, 1b and 3 with thicker growth zones, the core and 
rim of the same zircon crystal exhibit insignificant differences in trace element chemistry 
(Appendix 5). Time-series spectra for some zircon grains contained narrow peaks for Fe, 
indicating the presence of microinclusions of magnetite or hematite and such regions 
were excluded during data processing.  
The trace element chemistry of the various types of zircon is different, most notably in 
terms of Th, Ti, Nb, Ta, P, Hf, and REE (Fig. 4.8). Compared to the other zircon types, 
Type 1a zircon contains relatively high total REE, low U, and highly variable Th/U ratios 
(Fig. 4.8a, b, g and h). Type 1b zircon contains Ti, Nb, Ta, Th, and P concentrations 
comparable to those of Type 1a zircon but has lower total REE concentrations (Fig. 4.8). 
Type 2 zircon and zircon from the Fluorite Zone show similar P, Ti, REE, Th, and U 
concentrations to each other, but generally have higher P and U concentrations and higher 
Y/Ho ratios than the other zircon types.  Compared with the hydrothermal zircon from 
the T Zone (Types 1a, 1b and 2), magmatic zircon (Type 3) from the host rocks is 
characterized by relatively low P, Ti, U, Th, Nb, Ta, REE, but relatively high Hf (4969 - 
20527 ppm).  
Titanium concentrations in Type 1a and 1b zircon are highly variable, mostly ranging 
from approximately 80 to 1937 ppm (Fig. 4.8d). Compared with Types 1a, 1b and 2 
zircon and zircon from the Fluorite Zone have relatively consistent Ti concentrations, 
which vary mostly from 1434 to 2400 ppm. Titanium concentrations in unaltered 
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magmatic zircon (Type 3) are mostly low, and range from 20 to 242 ppm, which are 
comparable with the Ti concentration data obtained using EPMA (Appendix 4). An 
exception is the magmatic zircon from altered granite sample AN3, which contains 
higher Ti concentrations, varying from 318 up to 1942 ppm (except four analyses 
showing Ti < 150 ppm) (Appendix 5).  
LA-ICP-MS analysis also shows that the analyzed Type 1a, 1b and 3 zircon exhibits 
extremely high and variable Li and Be concentrations (7 - 932 ppm Li and 196 - 925 ppm 
Be in Type 1a zircon, 6 - 31 ppm Li and 272 - 937 ppm Be in Type 1b zircon and 19 - 60 
ppm Li and 9 - 524 ppm Be in Type 3 zircon). 
Most analyzed zircon crystals exhibit chondrite-normalized REE patterns that have a 
positive slope (HREE-enriched) and negative Eu anomaly (Figs. 4.9 - 4.12). The 
hydrothermal zircon (Type 1a, 1b and 2) exhibits no obvious positive Ce anomaly 
(Ce/Ce* <1.5) and much higher total REE concentrations than the magmatic zircon (Figs. 
4.8, 4.9 and 4.10). Type 1a zircon from three different samples exhibits similar REE 
patterns with an “M” shape (Fig. 4.9). However, Type 1b zircon from samples X24 and 
AN8 exhibits somewhat different patterns (Fig. 4.10). The former (X24) has a REE 
pattern resembling that for Type 1a zircon, and is slightly depleted in Ho compared to 
Type 1b zircon from AN8. Type 2 zircon from the more altered LIZ is characterized by a 
relatively flat REE pattern with a slight depletion in LREE, and is similar to zircon from 
the Fluorite Zone (Fig. 4.10). Magmatic zircon (Type 3) clearly displays a LREE-
depleted pattern with a pronounced positive Ce anomaly and negative Eu anomaly (most 
Eu/Eu* values range from 0.37 to 0.98, except for four analyses from sample AN3). The 
discrimination diagrams (Sm/La)N vs La and Ce/Ce* vs (Sm/La)N proposed by Hoskin 
(2005), as well as Ce/Ce* vs ΣREE, further illustrate the differences between the 
magmatic and hydrothermal zircon in this study (Fig. 4.15 and 4.16). 
Many of the chondrite-normalized REE patterns for zircon are characterized by tetrad 
patterns (cf. Monecke et al., 2002). The magnitude of the tetrad effect is quantified using 
the relative standard deviation (Ti) in a logarithmic plot for the tetrads La-Nd, Gd-Ho, 
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and Er-Lu, given by the following equation (Monecke et al., 2002): 
Ti = 
!!× [ !!"!!"!/!!!"!/! − 1]! + [ !!"!!"!/!!!"!/! − 1]! , 
where A, B, C, and D stand for the first, second, third and fourth elements in a single 
tetrad, and X represents the chondrite-normalized concentration. In addition, Monecke et 
al. (2002) proposed a parameter, T, for the significance of the overall tetrad effect that is 
calculated using the following equation: 
T = !!"× [ !!"!!"!/!!!"!/! − 1]! + [ !!"!!"!/!!!"!/! − 1]!!!!! . 
The second tetrad (Pm-Gd) is commonly not considered because Pm does not occur 
naturally in terrestrial environments (Monecke et al., 2002). If the values of Ti exceed 
0.2, the tetrad effects can be regarded as significant, and the possibility that the tetrad 
effects are caused by analytical errors can be excluded (Monecke et al., 2002). The 
calculated tetrad values are provided in Appendix 5 and summarized in Table 7.  
The relative values of T1, T3 and T4 (Fig. 4.14) indicate that the tetrad characteristics of 
Types 1a and 2 zircon are distinct from one another.  Type 1b zircon is characterized by 
relatively low T1 values, although Type 1b zircon from AN8 and X24 are distinguished 
from one another by different T4 values. Type 2 zircon and zircon from the Fluorite Zone 
show similar tetrad effects. Although the data for Type 3 zircon is variable, the majority 
are characterized by high T1 values.  
4.4.4.2 Quartz Chemistry 
Quartz from the Fluorite Zone contains  between 403 and 1884 ppm Al, which is higher 
than the Al concentrations of quartz from the T Zone and granite (Fig. 4.18a). Aluminum 
concentrations in quartz from the various T Zone units and the host granite are 
comparable, mostly varying from 3 to 300 ppm (Fig. 4.18a). Only three analyses of 
quartz from the more altered LIZ and four analyses from the strongly phenakite-altered 
rock (or Phenakite Zone) show relatively high Al (336-1297 ppm, Appendix 6). Lithium 
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concentrations in the analyzed quartz from different rock units are comparable and below 
100 ppm (Fig. 4.18b). The quartz from the Phenakite Zone generally contains the highest 
Be concentration (mostly varying between 1 to 7.6 ppm). The quartz from the more 
altered LIZ, quartz-bastnäsite unit and granite contains low Be concentrations (generally 
< 1 ppm).  
Quartz from the relatively fresh granite generally contains higher Ti concentrations (20-
105 ppm) than quartz from the T Zone, Fluorite Zone and granite with strong biotite-
chlorite alteration (0.1-44 ppm). Quartz from the more altered LIZ and quartz-bastnäsite 
unit contains comparable Ti concentrations (0.11-9 ppm) that are generally lower than the 
Ti concentrations (0.4-44 ppm) in quartz from the QP unit, Phenakite Zone and Fluorite 
Zone. The quartz in the Phenakite Zone has two types, namely, massive quartz enclosing 
the phenakite-dominated pseudomorphs and fine-grained quartz within the phenakite-
dominated pseudomorphs. In sample X21, the two types of quartz have similar Ti 
concentration ranges (0.3-0.9 ppm) to each other. The massive quartz in sample X24, 
however, contains higher Ti concentration (~ 7.6 - 44 ppm) than the massive quartz in 
sample X21. 
4.4.4.3 Fluorite Chemistry 
Fluorite that is associated with Type 1b zircon contains lower Y and total REE 
concentrations than fluorite from the Fluorite Zone. Although both types of fluorite show 
negative Eu anomalies and enrichment in MREE (Fig. 4.13), the fluorite associated with 
Type 1b zircon has higher (La/Yb)N and (La/Gd)N than the fluorite from the Fluorite 
Zone (Appendix 7).  In addition, fluorite associated with Type 1b zircon shows almost no 
fractionation among the HREE (Ho to Lu), whereas fluorite from the Fluorite Zone 
exhibits a chondrite-normalized REE pattern with a negative slope from Ho to Lu (Fig. 
4.13).  
4.5 Discussion 
4.5.1 Magmatic Zircon vs. Hydrothermal Zircon 
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Magmatic and hydrothermal zircon from the T Zone and its host rocks can be 
distinguished on the basis of morphology, internal texture and chemistry. Although 
Hoskin and Schaltegger (2003) and Schaltegger (2007) proposed that the morphology of 
hydrothermal zircon may not be diagnostic, the magmatic and hydrothermal zircon 
crystals from this study do exhibit significant differences in morphology and grain size. 
Zircon from the granite preserves well-developed oscillatory zoning (Fig. 4.5h) that, in 
many zircon grains, has been partially obliterated by metamictization or alteration. 
Oscillatory zoning has been commonly taken to indicate a magmatic origin for zircon 
(e.g., Pidgeon, 1992; Hoskin, 2000; Corfu et al, 2003). In contrast, although the 
hydrothermal zircon in the T Zone  (except Type 2) and Fluorite Zone is mostly euhedral 
and well zoned (bimodal zoning, cf. Corfu et al, 2003), the zones in the hydrothermal 
zircon are thicker and fewer in number than those in the magmatic zircon (see Fig. 4.5e, 
f). The hydrothermal zircon in the T Zone and Fluorite Zone has comparable morphology 
and internal textures to hydrothermal zircon from the Golden Mile deposit, Kalgoorlie, 
Western Australia (McNaughton et al., 2005; Schaltegger, 2007): (1) single zircon 
crystals lack the {100} and {110} prisms that are typical of most magmatic zircon 
(Pupin, 1980); (2) no oscillatory zoning is present in single crystals; and (3) many 
individual crystals have a porous, inclusion-rich core and a clean rim. The porous 
inclusion-rich core in hydrothermal zircon likely indicates a fluid-mediated dissolution-
reprecipition process (e.g., Geisler et al., 2007). Additionally, the magmatic zircon in the 
host granite has a distinctly larger grain size compared with the hydrothermal zircon in 
the T Zone and Fluorite Zone. According to Sheard et al. (2012) and Hoshino et al. 
(2012), the magmatic zircon in the Nechalacho deposit has a smaller grain size  (10 to 
100 microns) than the granite zircon in this study.  
The trace element characteristics (mainly Hf, U, Th, REE, P, Nb, Ta and Th/U ratio) of 
the magmatic zircon from the host granite and the hydrothermal zircon from the T and 
Fluorite zones allow the various types to be distinguished from one other (see Fig. 4.8). 
The absolute Th and U concentrations in the hydrothermal zircon (especially Type 1a 
zircon) are more variable than in the magmatic zircon, which is consistent with other 
studies (e.g., Hoskin et al., 1998; Hoskin, 1999, 2005; Fu et al., 2009). Moreover, the 
hydrothermal zircon from the T Zone and Fluorite Zone generally contains higher P, Nb, 
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Ta and REE (especially LREE) concentrations than the magmatic zircon from the host 
granite (Fig. 4.17). This is consistent with observations made by other authors (e.g., 
Hoskin, 2005; Piilonen et al., 2012) that hydrothermal zircon commonly has higher trace 
element concentrations than magmatic zircon in highly evolved granitoids. 
Other authors (e.g., Rayner et al., 2005) suggested that alteration and metamictization can 
cause high trace element concentrations in zircon. This explanation can be applied to the 
altered or metamict parts of the magmatic zircon in the host rocks of the T Zone. EPMA 
and SEM-EDS analysis combined with CL imaging show that altered magmatic zircon 
crystals have higher trace element concentrations than unaltered crystals in the host rocks 
(also see Fig. 4.6e-h). However, this explanation is not applicable to the hydrothermal 
zircon from the T Zone and Fluorite Zone because the hydrothermal zircon analyzed by 
LA-ICP-MS in this study shows no visible alteration and metamictization. Alternatively, 
the high concentrations of P, Nb, Ta and REE in the hydrothermal zircon reflect the 
environment of crystallization and/or are related to trace element incorporation 
mechanisms (discussed below). 
Trace elements can be incorporated into the zircon structure via the following 
substitutions (Hoskin and Schalteger, 2003):  
Hf4+ ↔Zr4+; 
(REE,Y)3+ + P5+ ↔ Zr4+ +Si4+;  
(U4+, Th4+, Ti4+) ↔ Zr4+; 
(REE,Y)3+ + (Nb, Ta5+) ↔ 2 Zr4+. 
Hoskin (2000) suggested that REE substitution coupled with substitution of P, Nb and Ta 
dominates the incorporation of trace elements into the zircon structure. This type of 
substitution is indicated by the positive and roughly linear correlation between REE+Y 
and Nb+Ta+P (in a.p.f.u.) in the zircon from the T Zone, Fluorite Zone and granite (Fig. 
4.17). Such a correlation demonstrates that the trace element enrichment in the 
hydrothermal zircon is not caused by micro-inclusions. However, it should also be noted 
that charge balance cannot be satisfied for the analyzed zircon crystals as REE+Y are 
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apparently more abundant than Nb+Ta+P (Fig. 4.17). Therefore, other species such as F- 
and OH- likely play an important role in the incorporation of trace elements into the 
zircon (Finch and Hanchar, 2003; Spandler et al., 2004; Hoskin, 2005; Piilonen et al., 
2012).  
Many authors have noted that chondrite-normalized REE patterns for magmatic and 
hydrothermal zircon are distinctively different (e.g., Hoskin et al., 1998; Belousova et al., 
2002, 2006; Hoskin and Schaltegger, 2003; Hoskin, 2005; Pettke et al., 2005; Rimsa et 
al., 2007; Kebede et al., 2007; Pelleter et al., 2007; Fu et al., 2009; Piilonen et al., 2012). 
According to these authors, hydrothermal zircon shows LREE enrichment (relatively 
high (La/Yb)N values), and no obvious positive Ce anomaly in chondrite-normalized REE 
patterns, in comparison with magmatic zircon. The hydrothermal and magmatic zircon in 
this study show analogous differences in terms of LREE and Ce anomaly (Fig. 4.9 - 
4.12). For example, the hydrothermal zircon (Type 1 and 2 zircon) is characterized by 
(La/Yb)N values mostly varying from 0.006 up to 0.2 while the magmatic zircon (Type 3 
zircon) has (La/Yb)N values mostly between 0.002 and 0.007. 
Because ionic radius decreases from La3+ to Lu3+, and Lu3+ has the ionic radius closest to 
that of Zr4+ (Shannon, 1976), in a lattice strain model, the trivalent HREE should more 
readily substitute for Zr4+ in zircon than the trivalent LREE (Nagasawa, 1970; Watson, 
1980; Dickinson, 1980; Fujimaki 1986; Okano et al., 1987; Bea et al., 1994; Thomas et 
al., 2002; Hoskin and Schaltegger, 2003; Peters and Ayers, 2010). This is supported by 
previous analyses of unaltered magmatic zircon (e.g., Hoskin, 2005; Piilonen et al., 2012) 
and experimental studies (e.g., Rubatto and Herman, 2007; Luo and Ayers, 2009) that 
show HREE enrichment relative to LREE in magmatic zircon. Given that neither post-
crystallization alteration nor HFSE-rich micro-inclusions are present, the possible 
explanations for the LREE enrichment in hydrothermal zircon relative to magmatic 
zircon include: (1) the LREE/HREE ratios of zircon-precipitating fluids (Piilonen et al., 
2012); (2) distortion (or lattice defects) in the structure of hydrothermal zircon which 
allows zircon to accommodate the larger LREE ions. (Whitehouse and Kamber, 2002); 
and (3) REE partition coefficients between zircon and melts are different from those 
between zircon and fluids (e.g., Yang et al., 2013). If the LREE enrichment in 
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hydrothermal zircon is dictated by the chemistry of fluids, then the zircon-precipitating 
fluids should be LREE-rich. This is consistent with experimental studies showing that 
LREE are more readily transported by hydrothermal fluids than the HREE (Williams-
Jones et al., 2012). According to Whitehouse and Kamber (2002), distortion (or lattice 
defects) in the zircon structure may increase the chance of incorporating more LREE into 
zircon such that the partition coefficients for REE cannot be predicted from the lattice 
strain model. However, as pointed out by Finch and Hanchar (2003), the REE substitute 
directly for Zr and are unlikely to be present in the interstitial sites in zircon. Strong 
distortion of the zircon lattice is commonly caused by either metamictization or 
hydrothermal alteration, which has not been observed in the analyzed hydrothermal 
zircon in this study. Moreover, to our knowledge, no crystallographic studies have shown 
that hydrothermal zircon has a higher degree of distortion than magmatic zircon. Rather, 
Raman spectroscopic analysis carried out by Yang et al. (2013) showed that 
hydrothermal zircon is as well crystallized as non-metamict magmatic zircon from the 
highly evolved Baerzhe alkaline granite. Therefore, the distortion in hydrothermal zircon 
may not be a reasonable explanation for LREE enrichment in zircon. The third possible 
explanation states that the zircon/fluid REE partition coefficients do not follow the same 
pattern as the zircon/melt REE partition coefficients.  No data exists on zircon-fluid 
partition coefficients and is likely to be complex due to complexation of REE with 
various ligands in aqueous fluids, and so cannot be predicted from their ionic radii (e.g., 
Yang et al., 2013).    
Compared to Ce3+, Ce4+ is relatively compatible in zircon as the radius of Ce4+ is close to 
that of Zr4+ (Hanchar and van Westrenen, 2007). In general, the presence of a positive Ce 
anomaly in most magmatic zircon can then be explained by the increased compatibility of 
Ce4+ relative to Ce3+ in zircon (Hanchar and van Westrenen, 2007), but such anomalies 
are generally absent from hydrothermal zircon (e.g., Piilonen et al., 2012; Toscano et al., 
2014).  The presence or absence of Ce anomalies in zircon would depend on the 
Ce3+/Ce4+ ratio in the melt or fluid, which is in turn controlled by oxygen fugacity and 
crystallization temperature (Burnham and Berry, 2012; Trail et al., 2012; Piilonen et al., 
2012; Toscano et al., 2014). According to Wood (1990), the importance of Ce4+ in 
aqueous fluids likely decreases with increasing temperature. Therefore, the lack of a 
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positive Ce anomaly may imply high crystallization temperatures or low oxygen fugacity. 
Hydrothermal zircon more likely has lower crystallization temperatures than magmatic 
zircon as is the case in this study (see below). Thus, the lack of a positive Ce anomaly is 
likely related to low oxygen fugacity.  Hoskin (2005) demonstrated that decreasing fO2 
during the magmatic–hydrothermal transition led to a less-pronounced positive Ce 
anomaly in the late-stage zircon in the Boggy Plain Pluton, eastern Australia. 
4.5.2 Ti-in-zircon Geothermometry and Its Application to Hydrothermal Zircon 
Apparent crystallization temperatures were calculated with the Ti-in-zircon 
geothermometer proposed by Ferry and Watson (2007). Titanium activity was assumed to 
be equal to one, because Ti-rich phases, including rutile and ilmenite, are present in the 
rocks and interpreted to be coeval with most zircon grains. Table 4-8 summarizes Ti 
concentrations in zircon and the calculated Ti-in-zircon temperatures. Titanium 
concentration in the unaltered magmatic zircon obtained by EPMA yielded crystallization 
temperatures of < 840 - 1190 °C, which is similar to the temperature (792 - 1195 °C) 
calculated with the data obtained by LA-ICP-MS.  
The calculated Ti-in-zircon temperatures for the various types of hydrothermal zircon 
from the T Zone are unreasonably high (945 - 2878 °C) due to extremely high Ti 
concentrations in the hydrothermal zircon compared to those in the magmatic zircon. We 
can rule out the possibility that the high Ti concentrations are due to alteration or micro-
inclusions for the following reasons. Firstly, the altered, porous zircon grains were not 
analyzed and the analyzed zircon grains show no obvious alteration textures in BSE and 
CL images. Secondly, the time-resolved LA-ICP-MS spectra show no Ti peaks that might 
indicate the presence of Ti-rich inclusions in the zircon grains. Similarly, hydrothermal 
zircon in the Nechalacho Deposit at Thor Lake contains Ti concentrations up to 1744 
ppm (Hoshino et al., 2012), yielding a Ti-in-zircon temperature of >1600 °C, which is 
significantly higher than the temperature ranges reported for magmatic zircon from other 
environments (Hoskin and Schaltegger, 2003). Thus, high Ti concentrations appear to be 
an intrinsic feature of hydrothermal zircon at Thor Lake, which is consistent with data 
from other environments (e.g., Pettke et al., 2005; Fu et al., 2009). Consequently, current 
  176 
models for Ti-in-zircon geothermometry cannot be applied to hydrothermal zircon and 
will have to be recalibrated (Fu et al., 2008, 2009).  
Because the mineralization temperatures of the T Zone cannot be estimated using Ti-in-
zircon thermometry, the mineralization temperatures were calculated based on the Ti-in-
quartz geothermometer from different rock types in the T Zone. According to Wark and 
Watson (2006), Ti-in-quartz geothermometry can be applied to hydrothermal quartz 
formed at low temperatures (< 300 °C). The calculated Ti-in-quartz temperatures are 
summarized in Figure 4.11 (also see Appendix 6). Because the Ti concentrations in some 
quartz grains from the T Zone are below detection, the detection limit values were used to 
calculate maximum crystallization temperatures for low-Ti quartz. Temperatures 
calculated from quartz from the granite range from 550 to 700 °C, whereas quartz from 
the altered granite (sample AN 1) exhibits much lower temperatures (341-400 °C). This 
may indicate that the quartz in the altered granite is hydrothermal. The more altered LIZ, 
LIZ with phenakite alteration and quartz-bastnäsite unit exhibit comparable Ti-in-quartz 
temperatures (varying between 300 and 350°C). The QP unit data results in higher 
temperatures (ca. 380 - 450°C), indicating that temperatures increased with time from the 
formation of the LIZ to the QP unit, but decreased during the later precipitation of the 
quartz-bastnäsite unit and during phenakite alteration (cf. Chapter 2).  
4.5.3 Late Stage Ca-metasomatism 
Compositional analysis and X-ray mapping reveal that the hydrothermal zircon (Type 1a 
and 1b) from the T Zone have recorded a Ca metasomatic event (Fig. 4.6). The altered 
zircon crystals are dark in BSE images, porous, and the pores contain bastnäsite-group 
minerals, xenotime and rare fluorite.  This represents a second stage of hydrothermal 
zircon formation in the T Zone.  X-ray maps and EDS analysis show that the altered 
zircon is enriched in Ca, LREE and Y relative to the unaltered zircon.  Taken with the 
presence of secondary REE-bering minerals, these data indicate that the second stage of 
hydrothermal fluids were enriched in Ca and REE.  The porous features and the 
inclusions in the altered zircon can be taken to indicate that the zircon crystals have 
experienced dissolution-reprecipitation processes involving hydrothermal fluids (Putnis, 
2002, 2009; Geisler et al., 2007).  The analyzed zircon crystals from the Fluorite Zone 
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exhibit the same characteristics, which indicates that this Ca-metasomatism could have 
been widespread at Thor Lake. In addition, EPMA analysis of the dark domains in the 
magmatic zircon show that they are also enriched in LREE and Ca relative to the bright 
domains, possibly indicating that the Ca metasomatism affected the magmatic zircon in 
the host rocks as well. Recently, Hoshino et al. (2012) suggested that zircon in the 
Necholacho deposit at Thor Lake also recorded Ca metasomatism. According to their 
study, the Ca metasomatic event formed a hydrothermal zircon rim that is enriched in Al, 
Ca, Fe and LREE compared with the zircon core. 
Williams-Jones et al. (2000) proposed a “fluorite-precipitation model” to explain the 
HFSE mineralization in alkaline magmatic-hydrothermal systems. This model has been 
applied to the several HFSE deposits hosted by alkaline igneous rocks, including the 
Nechalacho deposit (Sheard et al., 2012). According to their model, mixing between an 
HFSE-bearing and F-rich fluid exsolved from a magma and an external Ca-rich fluid 
would result in the precipitation of HFSE and fluorite because of the extremely low 
solubility of fluorite in aqueous solutions. This model may also be applicable to the late-
stage REE mineralization in the T Zone. The Ca-metasomatism recorded by the 
hydrothermal zircon supports this model.  
4.5.4 Tetrad Effects in Chondrite-normalized REE Patterns of the Hydrothermal 
Zircon 
Different tetrad effects in different zircon types may reflect the following: (1) the nature 
of any co-precipitated minerals that may have sequestered the REE and affected their 
availability to zircon; or (2) hydrothermal fluids with different chemistry (Monecke et al., 
2011; Nardi et al., 2012). Firstly, both Type 1b zircon and the zircon from the Fluorite 
Zone are intimately associated with fluorite and carbonates (mainly calcite and siderite). 
According to several authors (e.g., Möller 1998; Gagnon et al., 2003; Schwinn and 
Markl, 2005; Schönenberger et al., 2008), fluorite can contain substantial REE and have 
different REE patterns. Therefore, the possible effect on REE partitioning caused by 
fluorite needs to be considered. However, these two types of zircon exhibit different REE 
patterns. In addition, Type 2 zircon from the more altered LIZ and zircon from the 
Fluorite Zone show the same REE patterns, but are associated with different mineral 
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assemblages. Therefore, co-precipitation may not have significantly controlled 
partitioning of REE into zircon. Secondly, according to Van Hinsberg et al. (2010), 
fluorite/fluid partition coefficients for the various REE are similar so that fluorite may 
have had little influence on the REE patterns of co-precipitated zircon. Both the fluorite 
associated with Type 1b zircon (from sample X24) and the fluorite from the Fluorite 
Zone show negative Eu anomalies, flat LREE patterns and prominent MREE enrichment 
(Fig. 4.13). The only difference in REE patterns between the two types of fluorite lies in 
the HREE pattern. Therefore, the co-precipitation of fluorite is unlikely to have been 
responsible for the difference in LREE pattern between Type 1b zircon and the Fluorite 
Zone zircon as fluorite does not sequester significant HREE. Thirdly, Type 2 zircon and 
the zircon from the Fluorite Zone show relatively flat REE patterns compared to those for 
magmatic zircon (e.g., Type 3 zircon in this study; Hoskin and Schaltegger, 2003; 
Hoskin, 2005). Considering that it is predicted that partition coefficient (zircon/fluid) will 
increase from from La to Lu, the fluid precipitating Type 2 zircon must have been 
enriched in LREE relative to HREE (see discussion above). Therefore, the chemistry of 
hydrothermal fluids is likely to have been primarily responsible for the different tetrad 
effects for zircon at Thor Lake. Petrographic analysis indicates that Type 2 zircon was 
generally earlier than Type 1a and 1b zircon in the T Zone. If this conclusion is correct, 
zircon from the T Zone reflects a chemical evolution of the hydrothermal fluids in that 
the fluids that precipitated Type 1a and 1b zircon were likely to have been less LREE-
enriched than the fluids responsible for Type 2 zircon, given that Type 1 and Type 2 
zircon were precipitated at similar temperatures (see discussion above).  
4.5.5 Zircon Chemistry and Implications for Hydrothermal Alteration at Thor Lake 
The Fluorite Zone was regarded as a metasomatized equivalent to the host syenite where 
the original mineral assemblage in the syenite has been replaced by fluorite + carbonates 
+ chlorite + HFSE minerals (mainly zircon and bastnäsite-group minerals) (Trueman et 
al., 1984; de St jorre, 1986; Pederson, 2007). This indicates that the mineralizing 
hydrothermal fluids were likely rich in HFSE and fluorine and that HFSE were added to 
the syenite during metasomatism. Although the associated mineral assemblages are 
different, the zircon is clearly hydrothermal in the Fluorite Zone and exhibits similar 
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chemical composition and REE patterns with the hydrothermal zircon (Type 2) in the 
LIZ, which may indicate that the two types of zircon were precipitated from 
hydrothermal fluids with similar chemistry. Therefore, the T Zone and Fluorite Zone may 
have shared the same alteration history. The location of the T Zone and Fluorite Zone on 
the same structural trend, only spatially separated by the Nechalacho deposit, indicates 
that the flow of mineralizing fluids was controlled by local structures.  
It would be reasonable to assume that the hydrothermal fluids were likely released from 
the Nechalacho deposit, given that the Nechalacho deposit hosts major HFSE 
mineralization at Thor Lake. However, in order to substantiate this assumption, the 
chemistry of zircon in the Nechalacho deposit needs to be investigated. Although Sheard 
et al. (2012) and Hoshino et al. (2012) classified the zircon in the Nechalacho deposits in 
different ways, and reported chemical data for zircon that was obtained by EPMA and 
LA-ICP-MS, the post-crystallization alteration that affected the Nechalacho zircon has 
not been fully explored. According to Hoshino et al. (2012), the first generation of zircon 
(their type-1 and type-2 zircon cores) was magmatic, and the second generation is 
represented by type-2 zircon rims. These two generations of zircon underwent interaction 
with F-rich hydrothermal fluids to produce the third generation of zircon (enriched in F, 
REE and Nb) that is associated with fluorite and bastnäsite-group minerals (Hoshino et 
al., 2012).  
The total REE concentration of the magmatic zircon from the Nechalacho deposit is 
comparable to that of Type 3 zircon (magmatic zircon from the host granite). Also, the 
hydrothermal zircon from the Nechalacho deposit is indistinguishable from the 
hydrothermal zircon from the T Zone in terms of total REE and (La/Yb)N. The most 
distinct differences in chemistry between the zircon from the Nechalacho deposit and T 
Zone (as well as the host rocks and Fluorite Zone) lie in Ta concentration and Y/Ho ratios 
(Fig. 4.21).  
According to Hoshino et al. (2012), the average Ta concentrations of the various zircon 
types in the Nechalacho deposit range from 710 up to 2375 ppm, which is one to two 
orders of magnitude higher than the Ta concentrations of zircon in the T Zone, host rocks 
and Fluorite Zone. Hydrothermal zircon contains Ta concentrations that are even higher 
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than those in magmatic zircon in the Nechalacho deposit (Hoshino et al., 2012). 
According to Hoskin and Schaltegger (2003) and Van Licthervelde et al. (2011), Al 
enhances Ta incorporation into zircon via charge balance: Ta5+ + Al3+ ↔ 2Zr4+. However, 
our study and the study by Hoshino et al. (2012) show that the Al concentrations in the 
zircon from the T Zone, Fluorite Zone and Nechalacho deposit are similar and that there 
is no linear relationship between Ta and Al. The difference in Ta concentrations in zircon 
may then be explained by the following factors: (1) different crystallization temperatures 
that influence Ta partition coefficients for zircon/melt (DTa (zircon/melt)) and zircon/fluid 
(DTa (zircon/fluid)) and (2) different chemistry of hydrothermal fluids or melts.  
According to Hoshino et al. (2012), the Ti concentration (776 ppm on average) in their 
type-1 zircon, which was interpreted to be magmatic and shows a typical REE pattern of 
magmatic zircon (cf. Hoskin and Schaltegger, 2003), yields a Ti-in-zircon temperature of 
1429 °C (using the geothermometer proposed by Ferry and Watson, 2007), assuming that 
the Ti activity is equal to 1. This temperature represents an estimate of the crystallization 
temperature of the magmatic zircon in the Nechalacho deposit. Typical liquidus 
temperatures for nepheline syenite magmas are in the range of 900 - 1000 °C (e.g., Marks 
and Markl, 2001). The Ti-in-zircon temperature (1429 °C) for the magmatic Nechalacho 
zircon may therefore imply that the magmatic zircon in the Nechalacho deposit 
crystallized at a very early stage. The Ti-in-zircon temperature (792 - 1195 °C) for the 
host granite and syenite is much lower than the crystallization temperature of the 
magmatic zircon in the Nechalacho deposit. Van Lichtervelde et al. (2011) suggested that 
DTa (zircon/melt) likely decreases with increasing crystallization temperature of zircon even 
in granitic and pegmatitc melts with low bulk Ta concentration, although the variation of 
the zircon/melt partition coefficient of Ta (DTa (zircon/melt)) with respect to temperature has 
not been well constrained. If this hypothesis is correct, then the difference in Ta 
concentration between the magmatic zircon in the Nechalacho deposit and host granite 
(and syenite) is probably related to different melt chemistry.  
Although a few studies have determined DTa (zircon/melt) values (e.g., Van Lichtervelde et 
al., 2011; Burnham and Berry, 2012; Nardi et al., 2013), the lack of DTa (zircon/melt) values 
hinders comparison of the Nechalacho hydrothermal zircon and the hydrothermal zircon 
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from the T Zone and other units at Thor Lake. Nevertheless, the distinct difference in Ta 
concentration between the hydrothermal zircon from the T Zone and Nechalacho deposits 
likely indicates that the zircon-precipitating fluids in the T Zone and Nechalacho were 
different. 
Moreover, Y/Ho ratios of the Nechalacho magmatic zircon and Nechalacho hydrothermal 
zircon vary over a relatively narrow range from 25 to 33.6 (Hoshino et al., 2012). The 
Y/Ho ratios for Type 1 zircon from the T Zone are mostly lower than 25. In contrast, 
Type 2 zircon from the T Zone and zircon from  the Fluorite Zone have Y/Ho ratios > 40. 
Thus, the Y/Ho ratios of hydrothermal zircon likely indicate that the zircon-precipitating 
hydrothermal fluids in the Nechalacho deposit and T Zone may have been characterized 
by different chemistry (e.g., REE chemistry). 
Literature data for Li and Be concentrations in zircon are scarce (e.g., Hinton an Upton, 
1991). According to Hoskin and Schaltegger (2003) and references therein, Li and Be 
concentrations in zircon are commonly < 3 and < 0.01 ppm, respectively, which are 
significantly lower than the Li and Be concentrations in the zircon from the T Zone and 
its host rocks. Incorporation of Li and Be into zircon would either have occurred during 
precipitation of the original zircon from hydrothermal fluids or during later interaction 
between zircon and fluids. According to Geisler et al. (2007), “non-formula” elements 
such as Li, Be, Ca, Fe and Mn are commonly incorporated into the zircon crystal lattice 
via a diffusion-reaction process and likely present in damaged areas in zircon (e.g., 
fractures, amorphous domains and nanopores). However, the analyzed hydrothermal 
zircon in the T Zone shows no obvious alteration textures (e.g., amorphous domains and 
fractures) on BSE and CL images. Also, in a given zircon grain, the rim and core have 
fairly consistent Li and Be concentration. Whether or not nanopores containing Li and/or 
Be minerals exist is not known. Nevertheless, whichever scenario is true, the high Li and 
Be concentrations in the zircon presumably reflects the presence of Li- and Be-rich fluids 
in the T Zone during its formation.  
4.6 Conclusions 
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Based on optical microscopy, SEM-EDS analysis and compositional data obtained by 
EPMA and LA-ICP-MS, the following conclusions can be drawn: 
(1) Petrographic analysis and BSE and CL imaging show that magmatic zircon in the 
Thor Lake Syenite and Grace Lake Granite differs from hydrothermal zircon in the T 
Zone in terms of morphology, grain size and internal textures; 
(2) Magmatic and hydrothermal zircon are characterized by different REE chemistry. The 
pronounced positive Ce anomaly and relatively low total REE concentrations distinguish 
magmatic zircon from hydrothermal zircon, which is consistent with the observations 
made by other authors; 
(3) Titanium-in-zircon geothermometry reveals that the crystallization temperature for 
the magmatic zircon in the syenite and granite is in the range 792 - 1195 °C. However, Ti 
in hydrothermal zircon is high and yields unreasonably high temperatures using the 
titanium-in-zircon geothermometer proposed by Ferry and Watson (2007). This indicates 
either that the assumptions regarding Ti activity are invalid in hydrothermal systems or 
that the substitution of Ti into zircon in hydrothermal environments is different from 
igneous environments. 
(4) A late Ca-metasomatism was recorded by the hydrothermal zircon in the T Zone and 
the Fluorite Zone. This Ca-metasomatism was related with precipitation of the REE in the 
T Zone and the “fluorite precipitation” model proposed by Salvi and Williams-Jones 
(2006) may be applicable to the late-stage REE precipitation in the T Zone.  
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Figure 4.1 Schematic geological map of the Blachford Lake Complex (after Davidson, 
1978, 1982). 
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Figure 4.2 Schematic geological map of the Thor Lake mineral deposits and the T Zone 
(2a, after Davidson, 1982 and Sheard et al., 2012; 2b after Trueman et al., 1984). 
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Figure 4.3 Geological Map of the outcrop in the North T Zone. 
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Figure 4.4 Field photographs showing typical textures in the North T Zone. (a) and (b) 
preserved pegmatitic textures in the LIZ; (c) brecciated Wall Zone (composed of pinkish 
feldspar) cross-cut by the UIZ composed of massive quartz and coarse-grained greenish 
polylithionite; (d) LIZ that underwent Be-metasomatism, defined by the occurrence of 
abundant phenakite (light-pink mineral in the photo). The pegmatitic texture is strongly 
overprinted in the LIZ with Be-metasomatism (phenakite alteration). Abbreviations: Kfs 
= K-feldspar, Ply = polylithionite and Phk = phenakite. The hammer and card for 
reference are ~ 55 cm and 10 cm in length, respectively. The coin in 4d is 2.5 cm in 
diameter. 
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Figure 4.5 (a), (b), (c) and (d) photomicrographs showing different types of zircon from 
the T Zone and host rocks (see text for details); (e) and (f) BSE images showing that 
Type 1 zircon is well zoned and partially altered; (g) BSE image of Type 2 zircon 
associated with rutile, quartz and iron oxides; (h) CL image of Type 3 zircon preserving 
oscillatory zoning and chaotic internal textures caused by late alterations. Qtz, Zrn, Xnt, 
Fl, Chl, Rt and Bst are abbreviations for quartz, zircon, xenotime, fluorite, chlorite, rutile 
and bastnäsite, respectively. 
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Figure 4.6 (a) BSE image of Type 1 zircon showing fluorite, xenotime and columbite that 
has been precipitated in altered porous zircon. (b), (c) and (d) X-ray maps for Ca, Y and 
Dy, respectively, in the same zircon crystals. (e), (f), (g) and (h) Box-whisker diagrams 
showing the compositional variations of different zones in both unaltered and altered 
zircon grains (1, 2, 3, 4 in italic represent different zones from core to rim in zircon 
crystals; also see Fig. 4.5e). 
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Figure 4.7 ICP-MS spectra of an analyzed quartz crystal showing the inference on 46Ti 
caused by 30Si16O and the presence of Ca in the quartz. The region from 0 to 60,000 
milliseconds represents the gas background. 
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Figure 4.8 Trace-element binary plots for zircon from the T Zone, host rocks and Fluorite 
Zone. (a) Th/U- Th. (b) Th/U-Hf. (c) Ta-P. (d) Ta-Ti. (e) Ho/Y-Ta. (f) Nb-Nb/Ta. Note 
that Type 2 zircon and zircon from the Fluorite Zone show similar trace element 
characteristics. 
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Figure 4.9 Chondrite-normalized REE plots of Type 1a zircon from three samples from 
the quartz–bastnäsite unit. Chondrite REE concentration data used in normalization are 
from Sun and McDonough (1989). 
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Figure 4.10 Chondrite-normalized REE plots of Type 1b zircon from the quartz–
bastnäsite unit. Chondrite REE concentration data used in normalization are from Sun 
and McDonough (1989). 
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Figure 4.11 Chondrite-normalized REE plots of Type 2 zircon from the quartz–oxide unit 
and zircon from the Fluorite Zone. Chondrite REE concentration data used in 
normalization are from Sun and McDonough (1989). 
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Figure 4.12 Chondrite-normalized REE plots of Type 3 zircon from the granite and 
syenite at that host the T Zone. Chondrite REE concentration data used in normalization 
are from Sun and McDonough (1989). 
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Figure 4.13 Chondrite-normalized REE patterns for the fluorite from Sample X24 and 
Fluorite Zone. See text for details. Chondrite REE concentration data used in 
normalization is from Sun and McDonough (1989). 
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Figure 4.14 Ternary diagram showing the relative tetrad values (calculated using 
equations proposed by Monecke et al., 2002) for the chondrite-normalized REE patterns 
of different zircon types in the T Zone, host rocks and Fluorite Zone. Symbols are the 
same as Fig. 4.8. 
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Figure 4.15 (Sm/La)N vs. La  and Ce/Ce* vs. (Sm/La)N plots for zircon from the T Zone, 
host rocks and Fluorite Zone. 
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Figure 4.16 Ce/Ce* vs Total REE plot for zircon from the T Zone, host rocks and Fluorite 
Zone. Symbols are the same as in Fig. 4.12 and Fig. 4.13. 
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Figure 4.17 REE + Y vs. Nb + Ta + P binary plot showing that REE +Y has a positive 
correlation with Nb +Ta +P. 
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Figure 4.18 Box-whisker diagrams showing trace element concentrations in quartz from 
the various T Zone rock units, the host granite and the Fluorite Zone. 
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Figure 4.19 Ti-in-zircon temperatures calculated for magmatic zircon from the Thor Lake 
Syenite and Grace Lake Granite using EPMA and LA-ICP-MS data. 
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Figure 4.20 Box-whisker diagram showing Ti-in-quartz temperatures (in °C) for the rock 
types in the T Zone and the host rocks (also see Appendix 6). Ti-in-quartz temperatures 
were calculated using the equation proposed by Wark and Watson (2006). Abbreviations 
for rock units: alt. granite = altered granite, qtz-bst = quartz-bastnäsite unit, more alt. LIZ 
= more altered LIZ, qtz-ply = quartz-polylithionite unit (QP unit), and phk zone = 
phenakite zone. 
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Figure 4.21 Y/Ho-Ta binary diagram showing that various types of zircon at Thor Lake 
are characterized by different Ta concentrations and Y/Ho ratios. Data for the 
Nechalacho magmatic and hydrothermal zircon is from Hoshino et al. (2012). 
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Table 4-1 Classification of Zircon in the T Zone and Host Rocks. 
Type Main Characteristics Grain Size Related Mineral Assemblage Rock Units Origins 
Type 1a 
mostly euhedral, 
well zoned, 
distributed in 
pseudomorphs with 
prismatic or rhombic 
habit or replacement 
textures with 
irregular shapes 
10-50 
microns 
quartz, polylithionite, 
replaced by bastnasite, 
monazite-(Ce), 
ferrocolumbite, 
xenotime  
Quartz-
bastnäsite hydrothermal 
Type 1b morphologically same as Type 1a 
10-50 
microns 
fluorite, carbonates, 
sulfides, and quartz 
replaced by 
ferrocolumbite, 
xenotime,  
Quartz-
bastnäsite hydrothermal 
Type 2 
anhedral single 
crystals or irregular 
aggregates, not 
zoned 
varying rutile, magnetite and hematite LIZ  hydrothermal 
Type 3 
subhedral to 
euhedral, partially 
preserved oscillatory 
zoning 
50-300 
microns 
alkali feldspar, 
chlorite  
Granite and 
Syenite  magmatic 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  218 
Table 4-2 Acquisition settings for EPMA of the magmatic zircon from the Thor Lake 
Syenite and Grace Lake Granite. 
X-rays collected Diffraction Crystals Peak Time (s) Background Time (s) Standards 
Y Lα LTAP 60 30 YAG 
Hf Mα LTAP 60 30 Hf alloy 
Zr Lα TAP 60 30 synthetic zircon 
P Kα TAP 60 30 BACL 
Si Kα TAP 60 30 synthetic zircon 
Ce Lα LPET 30 15 Ce glass 
Ti Kα LPET, PET, LLIF 240 120 natural rutile 
Nb Lα LPET 20 10 Nb alloy 
Er Lβ LLIF 20 10 Er glass 
Yb Lα LLIF 20 10 Yb glass 
Dy Lβ LLIF 10 5 Dy glass 
Gd Lβ LLIF 20 10 Gd glass 
Ca Kα PET 30 15 Gd glass 
Th Mα PET 30 15 Thorianite 
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Table 4-3 Working conditions for LA-ICP-MS analysis. 
Item Pinhole Objective lens Spot size  (µm) Energy  ( µJ) Repeat Rate (Hz) 
1st Batch of Zircon  1.5 mm 10 × ~ 23  25.3 100 
2nd Batch of Zircon  1.0 mm 25 × ~ 20  25.8 100 
3rd Batch of Zircon  1.5 mm 10 × ~ 23  27 133 
1st Batch of Quartz  1.5 mm 10 × ~ 23  25.3 100 
2nd Batch of Quartz  1.5 mm 10 × ~ 23  24.9 100 
3rd Batch of Quartz  1.5 mm 10 × ~ 23  27 133 
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Table 4-4 Summary of detection limits for isotopes during LA-ICP-MS analysis of zircon 
Isotope detection limit (in ppb)  Isotope detection limit (in ppb) 
7Li 570  
141Pr 2 
9Be 207  
146Nd 15 
27Al 2622  
147Sm 15 
29Si 91901  
153Eu 6 
31P 4085  
157Gd 26 
47Ti 963  
159Tb 3 
48Ti 128  
163Dy 9 
55Mn 138  
165Ho 3 
57Fe 10241  
167Er 10 
89Y 14  
169Tm 2 
91Zr 129  
171Yb 14 
93Nb 8  
175Lu 3 
97Mo 115  
177Hf 13 
100Mo 82  
181Ta 2 
120Sn 73  
208Pb 7 
139La 4  
232Th 3 
140Ce 3  
238U 2 
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Table 4-5 Summary of important interferences during LA-ICP-MS analysis in Chapter 4. 
Isotope Interference How assessed 
Sample 
Interference   
46Ti 30Si16O 
 calculated Ti concentration for quartz based on 46Ti is much 
higher than Ca concentration calculated using other Ti 
isotopes; difficult to assess; should not be used for analyzing 
Ti in zircon and quartz  
47Ti 7Li40Ar 
calculated Ti concentration for quartz based on 47Ti is much 
higher than Ca concentration calculated using 48Ti, 49Ti and 
50Ti; difficult to assess; should not be used for analyzing Ti 
in zircon and quartz 
48Ti 48Ca the ICP counts for 48Ti and 
48Ca are identical (Table 6);  can 
be used when analyzing samples with low Ca concentration 
Standard 
Interference   
48Ti 48Ca 
the ICP counts for 48Ti and 48Ca are identical (Table 6); can 
be corrected by subtracting contribution from 48Ca to 48Ti 
ICP counts; 48Ca ICP counts can be obtained by multiplying 
44Ca ICP counts by the 48Ca/44Ca ICP count ratio (this ratio 
can be obtained through analyzing low Ti calcite for 44Ca 
and 48Ca) 
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Table 4-6 ICP counts (counts per second) for individual isotopes. 
Sample ID Mineral 6Li 7Li 9Be 29Si 30Si 42Ca 44Ca 46Ti 47Ti 
3013 C1 calcite b.d. b.d. b.d. 1276 1870 1620052 6347480 7993 3 
3013 C2 calcite b.d. 12 b.d. 1355 962 1562249 5928697 7807 b.d. 
3013 C3 calcite b.d. 12 3 1339 874 1511587 5778538 7552 b.d. 
3013 C4 calcite b.d. b.d. 5 1917 b.d. 1333707 5221490 6833 3 
3013 C5 calcite b.d. b.d. b.d. 1454 337 1315283 5067235 6377 19 
3013 C6 calcite b.d. b.d. 3 1753 1554 1385277 5373761 6982 b.d. 
X26 TQ1 quartz b.d. 5 b.d. 1223881 934977 51 9008 488 58 
X26 TQ2 quartz 1 b.d. 1 1273284 1005179 34 9478 547 72 
X26 TQ3 quartz b.d. 11 b.d. 1227352 939322 129 9295 515 52 
X26 TQ4 quartz b.d. 21 1 1230935 976014 109 9751 526 72 
TH34 TQ1 quartz b.d. 38 b.d. 1376862 1061816 84 9845 480 50 
TH34 TQ2 quartz b.d. 23 1 1258012 973888 13 9197 483 57 
TH34 TQ3 quartz b.d. b.d. 3 1354089 1066467 137 9641 501 58 
TH34 TQ4 quartz 2 b.d. b.d. 1060555 794091 285 7700 390 47 
std 1 NIST 610 1183 43225 9474 941956 647334 112941 434175 8642 7328 
std 2 NIST 610 1146 41362 9273 937765 641394 112066 429021 8440 7234 
std 3 NIST 610 1000 35595 9122 880585 584351 116537 450254 8850 7520 
std 4 NIST 610 963 34355 8478 842621 560221 108051 420357 8139 7158 
Abundance*  7.59 92.41 100.00 4.70 3.09 0.64 2.06 7.99 7.32 
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Sample ID 48Ti 48Ca 49Ti 50Ti 42Ca/44Ca 42Ca/48Ca 44Ca/48Ca 46Ti/47Ti 46Ti/48Ti 46Ti/49Ti 46Ti/50Ti 
3013 C1 603071 603071 11 33 0.255 2.686 10.525 2796.243 0.013 734.176 240.621 
3013 C2 549742 549742 b.d. 2 0.264 2.842 10.785  0.014  4286.980 
3013 C3 570142 570142 b.d. 10 0.262 2.651 10.135  0.013  748.916 
3013 C4 490778 490778 16 b.d. 0.255 2.718 10.639 2340.038 0.014 435.599  
3013 C5 485877 485877 1 3 0.260 2.707 10.429 327.881 0.013 4532.720 1953.026 
3013 C6 546833 546833 4 b.d. 0.258 2.533 9.827  0.013 1843.567  
X26 TQ1 25 25 b.d. 9 0.006 2.019 354.824 8.480 19.227  53.885 
X26 TQ2 43 43 19 b.d. 0.004 0.806 222.228 7.597 12.824 28.452  
X26 TQ3 43 43 23 9 0.014 3.010 216.403 9.859 11.997 22.567 59.254 
X26 TQ4 50 50 2 b.d. 0.011 2.178 194.629 7.347 10.508 335.084  
TH34 TQ1 65 65 b.d. b.d. 0.009 1.289 150.944 9.662 7.354   
TH34 TQ2 63 63 7 3 0.001 0.209 145.922 8.477 7.662 67.920 152.453 
TH34 TQ3 34 34 17 b.d. 0.014 4.102 287.710 8.701 14.952 29.073  
TH34 TQ4 22 22 1 12 0.037 12.740 344.431 8.311 17.443 591.087 33.506 
std 1 126350 126350 6019 11835 0.260 0.894 3.436 1.179 0.068 1.436 0.730 
std 2 123668 123668 6046 11525 0.261 0.906 3.469 1.167 0.068 1.396 0.732 
std 3 130655 130655 6218 11829 0.259 0.892 3.446 1.177 0.068 1.423 0.748 
std 4 122754 122754 6012 11303 0.257 0.880 3.424 1.137 0.066 1.354 0.720 
Abundance* 73.98 0.19 5.46 5.25 0.311 3.368 10.842 1.092 0.108 1.463 1.522 
Note: This table shows the ICP counts for analyzed minerals after deduction of counts for the background. Six analyses were performed on a low-temperature 
calcite sample (3013) whereas eight analyses on low-temperature quartz samples (X26 and TH34). b.d. = below detection limit. 
*The natrual abundance values for individual isotopes are quoted from May and Wiedmeyer (1998). 
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Table 4-7 Summary on Tetrad Effect Calculations for the Chondrite-normalized REE patterns of the zircon in the T Zone. 
Sample ID Zircon Type T1 (Average) T3 (Average) T4  (Average) T (Average) 
X20 1a 0.343-0.894 (0.552) 0.067-0.301 (0.193) 0.415-0.871 (0.580) 0.319-0.652 (0.435) 
X28 1a 0.213-0.577 (0.372) 0.032-0.3976 (0.157) 0.140-0.913 (0.416) 0.171-0.656 (0.321) 
NTZ-6 1a 0.146-0.453 (0.368) 0.055-0.204 (0.106) 0.425-0.636 (0.543) 0.303-0.452 (0.393) 
AN8 1b 0.018~0.639 (0.258) 0.031-0.491 (0.277) 0.143-0.525 (0.367) 0.194-0.488 (0.330) 
X24 1b 0.059-1.275 (0.436) 0.076-0.514 (0.154) 0.562-1.042 (0.769) 0.402-0.803 (0.557) 
AN6 2 0.710-1.027 (0.902) 0.142-0.231 (0.188) 0.284-0.550 (0.392) 0.259-0.416 (0.310) 
F7 2 0.381-1.429 (0.889) 0.074-0.428 (0.194) 0.253-0.423 (0.342) 0.201-0.352 (0.284) 
AN1 3 0.190-14.670 (3.724) 0.148-0.409 (0.265) 0.157-0.481 (0.324) 0.228-0.388 (0.302) 
AN3 3 0.297-2.284 (0.927) 0.069-0.497 (0.157) 0.367-1.158 (0.594) 0.292-0.821 (0.594) 
X29 3 0.355-0.871 (0.604) 0.312-0.580 (0.413) 0.238-0.406 (0.313) 0.278-0.456 (0.371) 
Note: The magnitudes of tetrad effect were calculated using the equations proposed by Monecke et al.  (2002). 
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Table 4-8 Summary of Ti-in-zircon geothermometric temperatures for the zircons from T Zone and Related Host Rocks. 
Zircon Type Technique Ti (ppm) *T (°C) 
unaltered syenite zircon EPMA < 25 - 148 (n=14) 840 - 1083 
altered syenite zircon EPMA 30 - 988 (n=10) 861 - 1495 
syenite zircon LA-ICP-MS 16 - 276 (n=19) 792 - 1195 
unaltered granite zircon EPMA 71 - 78 (n=2) 971 - 984 
altered granite zircon EPMA 29 - 268 (n=11) 857 - 1190 
granite zircon LA-ICP-MS 26 - 177 (n=4) 843 - 1113 
hydrothermal zircon (1a) LA-ICP-MS 196 - 1816 (n=43) 1171 - 1617 
hydrothermal zircon (1b) LA-ICP-MS 66 - 15284 (n=26) 945 - 2878 
Note: n represents the number of analyses. 
* Temperatures were calculated using Ti-in-zircon geothermometry proposed by Ferry and Watson (2007). Original Ti concentration data is present in Appendix 
5. 
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Chapter 5  
Fluid Inclusion Study of the T Zone, Thor Lake Rare Element 
Deposit, NWT: Implications for the Genesis of HFSE 
Mineralization 
 
5.1 Introduction 
High field strength elements (HFSE) (including Nb, Ta, Zr, Hf, Ti, Y, and the 
lanthanides), which are characterized by high ionic charge to ionic radius ratios, have in 
the past been considered to be immobile during many fluid-mediated processes 
(Rollinson, 1993). Nevertheless, there is increasing evidence that the HFSE exhibit 
mobility and become enriched to form mineralization during hydrothermal alteration in 
alkaline magmatic-hydrothermal systems (Williams-Jones et al., 2012). For instance, in 
the case of the Strange Lake REE deposit, Quebec/Labrador, petrographic evidence 
clearly shows that there was addition of zirconium and REE into the altered peralkaline 
granite (Salvi et al., 2006). Although extensive petrological and mineralogical studies 
have addressed the question of the mobility of HFSE, the characteristics of the 
hydrothermal fluids that are responsible for transporting HFSE have not been well 
constrained. Consequently, how HFSE mineralization is formed in magmatic-
hydrothermal deposits that are hosted by alkaline-peralkaline igneous complexes and 
have seen abundant water-rock interaction, is still open to debate (Salvi and Williams-
Jones, 2005).  
Fluid inclusion studies have been conducted by several authors to investigate the 
temperature and composition of the fluids in various alkaline-peralkaline igneous 
complexes that host HFSE mineralization (e.g., Capitan Mountains: Banks et al., 1995; 
Tamazeght: Salvi et al., 2000; Strange Lake: Salvi and Williams-Jones, 2006; Khibiny: 
Beeskow et al., 2006; Ilímaussaq: Krumrei et al., 2007; Graser et al., 2008; Mont Saint-
Hilaire: Schilling et al., 2011). According to these studies, fluids in these alkaline-
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peralkaline complexes show at least one of the following characteristics: (1) occurrence 
of both aqueous and carbonic fluids; (2) presence of CH4 and higher hydrocarbons; and 
(3) interaction with country rock or external fluids at late-stages that resulted in 
precipitation of HFSE. However, these studies also show that there is variability in the 
temperature and salinity of the fluids. The reported homogenization temperatures of 
various fluids in these alkaline-peralkaline complexes range from < 100 °C up to > 400 
°C (e.g., Salvi et al., 2000; Salvi and Williams-Jones, 2006; Beeskow et al., 2006; 
Schilling et al., 2011). At Strange Lake, the fluids responsible for replacement of elpidite 
(Na2ZrSi6O15•3H2O) by gittinsite (CaZrSi2O7) had temperatures of between about 150 
and 200 °C, indicating that HFSE can be remobilized at low temperatures (Salvi and 
Williams-Jones, 2006). The salinities of the fluids in the Tamazeght complex and Strange 
Lake REE deposit vary from ca. 5 to 25 eq. wt.% NaCl (Salvi et al., 2000; Salvi and 
Williams-Jones, 2006). In contrast, the fluids from the Capitan Mountains have salinities 
as high as ca. 80 eq. wt. % NaCl + KCl (Banks et al., 1995). 
Curiosity about HFSE mineralization in various environments has resulted in substantial 
experimental studies on solubility of HFSE in both melts and aqueous solutions (e.g., 
Keppler, 1993; Haas et al., 1995; Linnen and Keppler, 1997; Gammons et al., 1996, 
2002; Migdisov et al., 2006, 2009; Migdisov and Williams-Jones, 2008). However, direct 
analyses for HFSE concentrations in natural mineralizing fluids are still limited (e.g., 
Banks et al., 1995; Gagnon et al., 2004; Audétat et al., 2008; Zanjacz et al., 2008).  
The Thor Lake HFSE deposit that is located about 100 kilometers southeast of 
Yellowknife, Northwest Territories, Canada, is regarded as one of the largest HFSE 
deposits worldwide. It mainly comprises two mineralized zones, namely the Nechalacho 
deposit and the T Zone deposit. The T Zone was originally a pegmatite and shows a 
strong hydrothermal overprint (Chapter 2). It has been substantiated that the HFSE 
mineralization in the T Zone has intimate connection to hydrothermal activity (de St 
jorre, 1986; Chapter 2) and HFSE were likely remobilized by hydrothermal fluids with 
different chemistry as indicated by mass transfer calculations (Chapter 3). To date, the 
work of Taylor and Pollard (1996) is the only fluid inclusion and stable isotopic study 
carried out on the T Zone deposit. According to Taylor and Pollard (1996), the primary 
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fluid inclusion assemblages (FIAs) contained both CO2-rich and aqueous liquid-rich 
inclusions and homogenization temperatures ranged from 140 to 420 °C. They suggested 
that the fluids that precipitated REE minerals in the T Zone could be magmatic on the 
basis of fluid δD (-76 to -49‰) and δ18O (ca. 3 to 7 ‰) values. One critical issue with the 
fluid inclusion study of Taylor and Pollard (1996) is that the relationships between the 
measured FIAs and various HFSE minerals in the T Zone were not documented. 
Moreover, their criteria for identification of primary (or pseudosecondary) FIAs is 
problematic. Fluid inclusions in planes beginning and ending within a single crystal and 
isolated individual inclusions with different compositions from nearby secondary fluid 
inclusions were classified as primary (Taylor and Pollard, 1996).  Although such 
inclusions could be pseudosecondary or primary, definitive evidence of a primary origin 
requires a demonstrated relationship between the inclusions and growth features in the 
host mineral. Therefore, the conclusions based on the reported microthermometric and 
isotopic data of Taylor and Pollard (1996) may be in doubt and the nature of the 
mineralizing fluids in the T Zone as well as the fluid source needs further investigation. 
In this contribution, we focus on the character of the hydrothermal fluids that were 
responsible for the HFSE mineralization in the T Zone so that the mobility of HFSE 
under hydrothermal conditions can be assessed. Primary FIAs that are related to 
precipitation of various HFSE minerals in the T Zone were carefully documented. The 
temperature data obtained through microthermometric analysis and oxygen isotope 
geothermometry was compared with Ti-in-quartz temperature data (Chapter 4) and used 
to constrain the temperatures of the mineralizing fluids in the T Zone. Laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS), in combination with 
Raman spectroscopy, microthermometry, and SEM-EDS decrepitate analysis, was used 
to determine the chemistry of these fluids. Our study shows that the fluids responsible for 
HFSE transport in the T Zone contain significant HFSE, are aqueous  and dominated by 
Na and Cl with trace amounts of CO2 and CH4, which differs from Taylor and Pollard 
(1996) who concluded that the fluids related to mineralization in the T Zone were CO2-
rich. Hydrogen and oxygen stable isotopic data indicate that the fluids responsible for 
mobilizing HFSE during late-stage alteration were likely magmatic in origin. 
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5.2 Geologic Setting 
The Thor Lake rare-element deposit is hosted by an assemblage of peralkaline syenite 
and granite located at the southern margin of the Slave Province of the Canadian Shield 
(Hoffman et al., 1977; Davidson, 1978, 1982; Trueman et al., 1984, 1988; de St jorre, 
1986; Sinclair et al., 1992; Pinckston and Smith, 1994; Sheard et al., 2012). The host 
rocks of the Thor Lake rare-element deposit, including the Grace Lake Granite, Thor 
Lake Syenite and Thor Lake-Nechalacho Layered Alkaline Complex (Sheard et al., 
2012), belong to the Blachford Lake Igneous complex that is related to a continental 
rifting environment (Hoffman et al., 1977; Davidson, 1978, 1982). The Grace Lake 
Granite and Thor Lake Syenite have been dated 2176.2 ± 1.3 Ma and 2094 ± 10 Ma, 
respectively (Bowring et al., 1984; Sinclair et al., 1994). 
The Thor Lake rare-element deposit consists of two major mineralized zones, namely the 
Nechalacho deposit and the T Zone deposit. The Nechalacho deposit is the larger of the 
two, and is hosted by a series of nepheline-, aegirine-, and sodalite-bearing syenite (the 
Thor Lake-Nechalacho Layered Alkaline Complex, Sheard et al., 2012). According to 
Sheard et al. (2012), this sub-horizontally layered alkaline suite consists of aegirine 
nepheline syenite, sodalite syenite, lujavrite and a probable eudialyte cumulate in which 
the postulated magmatic eudialyte [(Na15Ca6(Fe2+,Mn2+)3Zr3[Si25O73](O,OH,H2O)3 
(OH,Cl)2] has been pseudomorphed by hydrothermal zircon, fergusonite and other HFSE 
minerals. 
5.3 Geology of the T Zone Deposit 
The T Zone deposit, which is the smaller mineralized zone, mostly occurs in the Thor 
Lake syenite, but extends northwestwards approximately a hundred meters into the Grace 
Lake granite and varies in width from several meters to about 250 meters (de St jorre, 
1986; Fig. 5.1). The mineralogy of the Thor Lake syenite and Grace Lake granite is 
characterized by quartz, alkali feldspar, aegirine and arfvedsonite (Trueman et al., 1984). 
The granite and syenite show similarity in texture and mineralogy (Pederson et al., 2007). 
In the vicinity of the T Zone, the granite is altered to various extents and three main 
alteration types include biotite-chlorite alteration, fluorite alteration and silicification 
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(Chapter 2). The various alteration types have gradational contacts and the alteration 
sequence is biotite-chlorite alteration → fluorite alteration → silicification (see Chapters 
2 and 3).  
The T Zone, which was originally pegmatite and underwent a strong hydrothermal 
overprint (Chapter 2), is lithologically zoned (Trueman et al., 1984; de St jorre, 1986). 
The lithological zones comprise, from rim to core, a Wall Zone, Lower Intermediate 
Zone (LIZ), Upper Intermediate Zone (UIZ), and Quartz Core Zone (Fig. 5.2) (Trueman 
et al., 1984, 1988; de St jorre, 1986; Pederson et al., 2007). The UIZ in the outcrop is 
represented by a quartz-polylithionite (QP) unit that is predominantly composed of 
massive quartz, coarse-grained polylithionite and K-feldspar. The LIZ was intruded by 
the QP unit and the contact between the LIZ and QP unit is sharp and defined by a 
polylithionite (a Li-mica species)-rich zone. Pegmatitic texture defined by an elongated 
unknown phase (possibly originally nepheline) and interstitial coarse-grained bladed 
albite is still well preserved in the North T Zone outcrop, athough the unknown phase has 
been completely replaced, mainly by massive quartz (Chapter 2). Fine-grained euhedral 
aegirine on the rim of the elongated unknown phase shows preferred orientation, 
representing either an exsolution texture or a replacement texture. Detailed geological 
and lithological descriptions of the T Zone can be found in Chapter 2.  
Field and petrographic relationships show that three main alteration stages have affected 
the T Zone (Chapter 2). From earliest to latest, these are: Stage I - initial silicification 
along with replacement of aegirine (and minor arfvedsonite) by iron- and titanium-oxides 
and rare HFSE minerals (e.g., columbite and zircon), Stage II - polylithionite alteration 
(lithium metasomatism), and Stage III - phenakite alteration (beryllium-metasomatism). 
Polylithionite alteration of the LIZ was related to the emplacement of the QP unit 
(Chapter 2). The formation of the quartz-bastnäsite and quartz-xenotime-thorite units 
(representing major REE precipitation stage) was likely between alteration stages II and 
III (Chapters 2 and 3). Moreover, important local alteration types include replacement of 
polylithionite by biotite and K-feldspar and replacement of K-feldspar by quartz, which 
are restricted to the QP unit. 
5.4 HFSE and Be Mineral-bearing Textures 
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Bastnäsite-group minerals (including bastnäsite, parisite and synchysite), zircon, 
xenotime, thorite, anatase and rutile are the common HFSE minerals in the T Zone, and 
phenakite is the most abundant Be mineral. These minerals are mostly present in various 
types of pseudomorphs in massive quartz.  
Bastnäsite-group minerals commonly occur as radiating aggregates in bastnäsite-
dominated pseudomorphs enclosed by quartz, mainly in the quartz-bastnäsite unit, and 
rarely in the more altered LIZ. The bastnäsite-dominated pseudomorphs have two 
different morphologies; prismatic to rhombic and hexagonal to equant (Fig. 5.3a, b). 
Bastnäsite-group minerals are rooted on the inner wall of the pseudomorphs and grow 
inwards, which indicates that these minerals were formed through an open space-filling 
process (Chapter 2). Fluorite and carbonates are common minerals in the bastnäsite-
dominated pseudomorphs and postdate bastnäsite-group minerals. Bastnäsite-group 
minerals commonly contain abundant hematite microinclusions, which results in reddish 
colour in bastnäsite-group minerals. 
Zircon is distributed in the same rock units as bastnäsite-group minerals. The 
pseudomorphs containing zircon commonly show a prismatic to rhombic habit (Fig. 
5.3c). In the quartz-bastnäsite unit, the zircon crystals are fine-grained, euhedral and well-
zoned and associated with columbite in some cases. In the more altered LIZ, zircon that 
is not zoned and smaller than the zircon in the quartz-bastnäsite unit is associated with 
anatase, rutile and rare columbite and xenotime (Fig. 5.3d). 
Anatase and rutile occur in pseudomorphs with a prismatic to rhombic habit in the more 
altered LIZ (Fig. 5.3d)(Chapter 2). In the QP unit, rutile is the most abundant HFSE 
mineral and has multiple generations. One generation of rutile is associated with anatase 
and these two minerals are within pseudomorphs with irregular morphology in massive 
quartz (Fig. 5.3e). Rarely, fine-grained zircon, bastnäsite, columbite and unidentified 
HFSE minerals are present in this type of pseudomorph.  
Xenotime and thorite commonly occur together and are predominantly distributed in the 
quartz-xenotime-thorite unit. The two minerals define acicular pseudomorphs that form 
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rounded, radiating aggregates in massive quartz (Fig. 5.3f). Bastnäsite-group minerals 
sometimes replace xenotime and thorite in this type of pseudomorphs. 
Phenakite is one of the latest alteration minerals in the T Zone and postdates other HFSE 
minerals. It commonly occurs in pseudomorphs with a hexagonal to equant habit (Fig. 
5.3g, h) and is fine to medium-grained and anhedral to subhedral. Fluorite is sometimes 
associated with phenakite in this type of pseudomorph. 
The precursor mineral for pseudomorphs with a prismatic to rhombic habit was likely 
aegirine, and the precursor for pseudomorphs with a hexagonal to equant habit was likely 
a mica-group mineral (either polylithionite or biotite) (Chapter 2). In many cases, fluid 
inclusions together with minerals define the various types of pseudomorph. 
5.5 Fluid Inclusion Assemblage Classification 
Primary (or potentially primary) fluid inclusion assemblages (FIAs) in the T Zone can be 
classified into 6 types based on the distribution characteristics of the FIAs: (1) FIAs that 
are restricted to rare-element mineral-defined pseudomorphs encased within massive 
quartz; (2) FIAs that define sub- to euhedral domains (pseudomorphs) in massive quartz; 
(3) FIAs in the growth zones of quartz crystals; (4) FIAs distributed in growth zones in 
fluorite associated with bastnäsite-group minerals; (5) isolated FIAs in quartz; and (6) 
FIAs in bastnäsite crystals.  
Type 1 assemblages can be subdivided into 3 groups based on the pseudomorph 
mineralogy, namely, those present in zircon-dominated pseudomorphs (Type 1a), 
bastnäsite-dominated pseudomorphs (Type 1b), and phenakite-dominated pseudomorphs 
(Type 1c) (Fig. 5.4). The majority of inclusions in Type 1 FIAs are restricted to the 
pseudomorphs and some of them are distributed along the boundaries of pseudomorphs. 
Outside of the rare-element mineral-defined pseudomorphs, the quartz is free of fluid 
inclusions, except for secondary FIAs in trails cross-cutting quartz. Type 1 FIAs 
comprise a mixture of aqueous, liquid-rich liquid-vapor (LV) and liquid-vapor-solid 
(LVS) inclusions, and are typically small (< 20 microns). Only one liquid phase is 
present in the fluid inclusions in Type 1 FIAs at room temperature and LV and LVS 
inclusions apparently have similar vapor/liquid volume ratios.  LVS inclusions in Type 
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1a FIAs contain at least one solid phase and the crystal habit and volume fraction of solid 
phases are inconsistent between inclusions. Common solids include a yellowish anhedral 
mineral (Fig. 5.4b) that shows optical characteristics similar to zircon, and transparent 
minerals with high birefringence. Similar to solids in inclusions of Type 1a FIAs, solids 
in Type 1b and 1c also show inconsistency in volume fraction and crystal habit. These 
solids are typically birefringent.  
Type 2 assemblages occur in pseudomorphs that are rich in solid- and fluid-inclusions in 
massive quartz in the QP unit. Such domains exhibit an anhedral to subhedral habit and 
can be subdivided into two types based on the pseudomorph mineralogy: Type 2a occurs 
in pseudomorphs that are rich in rutile and anatase inclusions, and Type 2b are present 
within pseudomorphs after K-feldspar (Fig. 5.5). Compared to Type 1 assemblages, fluid 
inclusions in Type 2 FIAs are more abundant in the pseudomorphs, and may define the 
entire pseudomorph (Fig. 5.5). Similar to inclusions in Type 1 FIAs, the inclusions in 
Type 2 FIAs are aqueous and liquid-rich and contain only one liquid phase at room 
temperature. Type 2a FIAs are dominated by fluid inclusions containing multiple solids, 
with minor LV inclusions.  The size of both LV and LVS inclusions varies from 2 to 30 
microns. Three different solid phases that frequently occur in the LVS inclusions include: 
(1) a dark brownish mineral with a short prismatic habit (Fig. 5.5b); (2) a dark green 
mineral with an acicular habit; and (3) a transparent mineral that has a square to rounded 
habit. All three types of solid have high birefringence. Other solids are also birefringent. 
The volume fraction of these solid phases is variable from one inclusion to another. In 
most cases, inclusions of Type 2b FIAs define most of an individual pseudomorph and K-
feldspar is only present as a relict phase within the pseudomorphs (Fig. 5.5c). Type 2b 
FIAs are dominated by LV inclusions with minor LVS inclusions. The inclusion size of 
this type of FIA varies from 1 to 15 microns. In LVS inclusions of Type 2b assemblages, 
solids are typically transparent and birefringent and exhibit a rounded or tabular habit. 
The LVS inclusions have an inconsistent volume fraction of solid phases. Some of 
inclusions in this type of FIA that are distributed at the boundary of the pseudomorphs 
are relatively dark and vapor-rich (Fig. 5.5d). 
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Type 3 assemblages are present in growth zones in quartz and can be divided into three 
groups based on the mineral or mineral assemblage that the quartz is associated with. 
Type 3a is present in quartz that is associated with bastnäsite-group minerals in the 
quartz-bastnäsite unit and is dominated by aqueous, liquid-rich LV inclusions with lesser 
LVS inclusions (Fig. 5.6a, b). The inclusion size of Type 3a FIAs ranges from < 5 up to 
25 microns. The majority of the inclusions (both LV and LVS) in Type 3a assemblages 
show regular morphology and similar liquid/vapor ratios. In some cases, several 
inclusions, which cluster in small areas, show irregular shapes, variable inclusion sizes 
and liquid/vapor ratios. LVS inclusions in Type 3a FIAs commonly have transparent 
solids that show birefringence and a rounded or tabular habit. In addition, vapor-rich 
inclusions in the growth zone are related to secondary planes that cross cut the growth 
zones in quartz. Fluorite that contains nanometer REE-bearing solid inclusions is present 
within the growth zones where Type 3a FIAs are distributed (Fig. 5.7), indicating a close 
relationship between REE precipitation and Type 3a FIAs. Type 3b inclusions are present 
in quartz in the LIZ with polylithionite alteration that encloses aegirine pseudomorphed 
by magnetite (subsequently replaced by hematite during late alteration), anatase, rutile 
and rare zircon. Type 3b FIAs are mostly composed of aqueous liquid and liquid-solid 
inclusions that are 5-15 microns in size and show no vapor phase at room temperature. A 
few LV inclusions that occur in the growth zones containing Type 3b FIAs show 
inconsistent volume fractions of vapor. However, the relationship between the LV 
inclusions and the Type 3b FIAs is not clear. Solids in the inclusions of Type 3b FIAs are 
commonly transparent, anhedral and birefringent and the inclusions show inconsistent 
volume fractions of solids. Type 3c assemblages are hosted by quartz associated with 
pseudomorphs defined by xenotime + thorite + hematite (Fig. 5.6e, f). The inclusions in 
this type of FIA are predominantly LV inclusions with a negative crystal shape. In rare 
cases, hematite is present in some inclusions of FIA Type 3c. The inclusion size varies 
from ~ 5 to 30 microns (Fig. 5.6f).  Vapor-rich and carbonic fluid inclusions associated 
with Type 3c FIAs commonly occur in trails cross-cutting the growth zones. 
Type 4 assemblages are rare and occur in growth zones in fluorite that is associated with 
bastnäsite-group minerals in the quartz-bastnäsite unit (Fig. 5.8a, b). Textural relationship 
indicates that fluorite postdates bastnäsite-group minerals in the quartz-bastnäsite unit 
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(Chapter 2). These assemblages are mainly composed of aqueous, liquid-rich LVS 
inclusions with sizes varying from 5 to 15 microns. The vapour/liquid ratios of the fluid 
inclusions are relatively consistent. However, the volume fraction of the solids is 
inconsistent from one inclusion to another. The solids in the fluid inclusions are mainly 
transparent and exhibit a rounded to tabular habit.  
Type 5 assemblages are also rare and are restricted to the central parts of quartz crystals 
in the QP unit and show no relation with secondary planes (Fig. 5.8c, d). Inclusions in 
Type 5 assemblages are either LV or LVS inclusions that commonly show negative 
crystal shape and are 5-25 microns in size. The LVS inclusions of this type of FIA exhibit 
inconsistent volume fractions of solids and the solids are commonly transparent and 
birefringent. 
Type 6 assemblages occur in bastnäsite crystals in the quartz-bastnäsite unit and QP unit 
and are dominated by aqueous LV inclusions with minor LVS inclusions. Inclusions in 
this type of FIA show elongation that parallels the c-axis of the host mineral (see Fig. 
5.8e, f). The inclusion size varies from 1 to 25 microns. LV and LVS inclusions in the 
same FIA have similar vapor/liquid volume ratios. Only one liquid phase is present in the 
inclusions at room temperature. Two types of solids commonly occur in the inclusions of 
Type 6 assemblages, including: (1) a transparent, anhedral, birefringent minerals; and (2) 
a reddish to dark brown mineral that has optical characteristics similar to hematite.  
5.6 Analytical Methods 
5.6.1 Raman Spectroscopy 
Raman spectra were collected for the vapor and solid phases in the primary fluid 
inclusions using a Renishaw inVia Raman spectrometer with 514.5 nm air-cooled argon-
ion laser at the Materials and Surface Science Lab, University of Windsor. During 
analysis, the laser power was set to 20 mW and a ×50 objective lens was used to focus 
the laser onto the fluid inclusions. Silicon was used for calibration of the instrument. 
Raman spectra of acetamidophenol were collected prior to analyses of the vapor phase in 
fluid inclusions and were then compared with the standard Raman spectra of 
acetamidophenol reported in McCreery (2005) for calibration. 
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5.6.2 Microthermometry 
Phase changes in inclusions were measured  using a Linkam THMSG 600 
Heating/Cooling Stage at the Fluid Inclusion Analysis Lab, Department of Earth and 
Environmental Sciences, University of Windsor. Before the cooling and heating of fluid 
inclusions, synthetic standards (pure H2O and pure CO2 inclusions) were used to calibrate 
the stage. Accuracy is approximately ± 0.5 °C and ± 1 °C for the ice melting temperatures 
and homogenization temperatures of individual fluid inclusions, respectively. Because of 
the different physical characteristics of quartz and bastnäsite, the FIAs hosted by these 
two minerals were treated with different methodologies. For FIAs hosted by quartz, the 
ice melting temperatures were measured before the homogenization temperatures to 
avoid possible decrepitation. For FIAs in bastnäsite, the measurement sequence was the 
opposite to minimize the possibility of stretching during freezing that would cause 
erroneous homogenization temperatures. 
5.6.3 SEM-EDS Analysis of Fluid Inclusion Decreptitates 
Scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS) was 
employed to analyze the decrepitates of selected fluid inclusion assemblages in the T 
Zone. On the basis of petrographic observation, polished 100 µm thick sections were 
broken into several fragments which were dominated by single FIAs and were then 
heated on the Linkam THMSG 600 Stage that was set up close to the SEM for immediate 
analysis after decrepitation of fluid inclusions. The Linkam stage was heated to 550 °C 
and was cooled down to room temperature so that the majority of fluid inclusions were 
fully decrepitated. The heating rate was set at 50 ºC per minute before 100 °C and then 
increased to 100 °C per minute till 550 °C, as suggested by D. Kontak (personal 
communication). The thick-section fragments were mounted on glass slides and carbon-
coated for EDS analysis shortly after being taken out of the heating stage. According to 
Savard and Chi (1998), the voltage and emission current of the SEM-EDS should be 
initially set at 10.0 kV and 200 mA to prevent degradation of decrepitates. A higher, 15.0 
kV, voltage was also used for two purposes: (1) getting better BSE image resolution and 
(2) checking the effect of voltage on degradation of decrepitates. The comparison 
between two settings indicates that the voltage does not seem to be an issue. The counting 
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time for single runs varied between 10 and 15 seconds to guarantee sufficient signal 
intensity (D. Kontak, personal communication). 
5.6.4 LA-ICP-MS Analysis 
Fluid inclusions from the primary fluid inclusion assemblages that have been described 
above were selected for laser ablation ICP-MS analysis to quantitatively characterize the 
chemistry of the fluids that are related to HFSE mineralization in the T Zone. The 
selected primary fluid inclusions were present in quartz in double polished sections with 
a thickness of 100 µm, and mainly LV inclusions from FIA types 1a, 1b, 1c, 2b, 3a, 3b 
and 3c, athough some LVS inclusions from Type 2a assemblages were also attempted. 
The fluid inclusions were analyzed for 7Li, 9Be, 23Na, 31P, 35Cl, 39K, 44Ca, 48Ti, 54Fe, 85Rb, 
89Y, 92Zr, 93Nb, 118Sn, 140Ce, 146Nd, 147Sm, 153Eu, 157Gd, 163Dy, 167Er, 171Yb, 181Ta and 
232Th. Silicon 29 was selected to monitor the signals for the fluid inclusions and the host 
quartz. Laser ablation ICP-MS analyses were performed at the Great Lakes Institute for 
Environmental Research, University of Windsor, Canada. The Laser-ablation ICP-MS 
used for analysis was a Thermo Electron X Series II inductively coupled plasma mass 
spectrometer coupled with a multi-pass Ti:sapphire regenerative amplifier femtosecond 
laser system. An objective lens with 25 times magnification were employed for the 
analyses. A 1.5 mm pinhole was used. The ablation spot diameter, energy and repetition 
rate of the laser beam were ~ 20 microns, 28.4 µJ and 133 Hz, respectively. NIST 610 
synthetic glass and argon were used as the external standard and carrier gas, respectively. 
The analytical results are summarized in Table 5-3. 
5.6.5 Hydrogen and Oxygen Isotopes 
Hand specimens collected from the least altered LIZ, more altered LIZ, QP unit and 
quartz-bastnäsite unit were cleaned using acetone before and after crushing. Quartz and 
polylithionite grains in the crushed rocks were then handpicked under an optical 
microscope and cleaned using acetone. 
Hydrogen and oxygen stable isotopic compositions of polylithionite and oxygen stable 
isotopic composition of quartz were determined at the Stable Isotope Lab, Queen’s 
University, Canada. Approximately 5 mg of polylithionite or quartz was required for each 
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oxygen isotopic analysis. The conventional BrF5 method proposed by Clayton and 
Mayeda (1963) was adopted for extracting oxygen from both polylithionite and quartz 
and δ18O values were then measured on a Finnigan MAT 252 isotope-ratio mass 
spectrometer. δD values were determined according to the procedure described in 
Uvarova et al. (2011). Because the extent of fluorine substitution in polylithionite is 
extremely high, and only 0.4 atomic percent hydrogen is present according to (Černý and 
Trueman, 1985), the weight of polylithionite powder was significantly higher than the 2 
mg that is routinely required in order to guarantee a reliable signal for hydrogen (K. 
Feige, personal communication). After being loaded in silver capsules with a dimension 
of 5 mm × 3.5 mm for degassing for 1 hour at 100 °C, the pulverized polylithionite 
samples were then compacted and loaded into a zero-blank auto sampler and dropped 
into a graphite crucible at 1450 °C (Uvarova et al., 2011).  According to Uvarova et al. 
(2011), the released H2O was converted to H2 that was subsequently separated by a 
PORAPLOT-Q gas chromatograph column and δD values were measured with a Thermo 
Finnigan DELTAplusXP isotope-ratio mass spectrometer. δ18O and δD values of the 
analyzed samples are conventionally reported against Vienna Standard Mean Ocean 
Water (V-SMOW) in units of per mil (‰). The standard deviations for δ18O and δD are ≤ 
0.04 ‰ and  approximately ± 3 ‰, respectively (Uvarova et al., 2011). 
5.7 Results 
5.7.1 Raman Spectroscopy 
Raman spectra were collected from the vapour phase of inclusions from the various FIA 
types (except inclusions from Type 3b which contain no vapour phase at room 
temperature). Raman spectra for some inclusions of Type 2a, 3a, 5 and 6 show peaks at 
1285 and 1387 cm-1 (e.g., Fig. 5.9a, b), indicating that CO2 is present in the vapour phase 
of these FIA types (Burke, 2001). Additionally, Raman spectra for inclusions of Type 2a 
and 3a sometimes also show a peak at 2917 cm-1 (e.g. Fig. 5.9a), which indicates the 
presence of CH4. The absence of CO2 and CH4 in related inclusions from the same 
assemblages is likely due to the small size of many of the inclusions (< 10 µm). The peak 
areas for CO2 (two peaks at 1285 and 1387 cm-1) and CH4 (peak at 2917 cm-1) on a given 
Raman spectrum were used to calculate CH4/CO2 ratio in fluid inclusions, following the 
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method proposed by Burke (2001) and the Raman scattering cross sections given therein. 
The calculated CH4/CO2 ratio in inclusions of Type 2a and Type 3a assemblages is ca. 
0.01 and ca. 0.09, respectively.  
The Raman spectra for the solids in the classified FIAs reveal that zircon is present in the 
inclusions in Type 1a FIAs associated with zircon-bearing pseudomorphs and that rutile 
and anatase are present in the inclusions in Type 2a FIAs (Fig. 5.9c-d). The other 
birefringent solids did not generate a Raman spectrum and so remain unidentified, either 
because the solids are too small or because they are Raman inactive. The presence of 
trapped zircon, rutile and anatase in the FIAs supports the interpretation that those FIAs 
are primary and coeval with precipitation of the relevant HFSE minerals. 
5.7.2 Microthermometric Analysis 
Microthermometric analysis was performed on FIAs of Type 1a, 1b, 1c, 2a, 2b, 3a, 3c 
and 6. FIAs of Types 4 and 5 are rare and are not related to the main alteration events or 
precipitation of any HFSE minerals in the T Zone. Therefore, microthermometric 
analysis was not conducted on FIAs of Types 4 and 5 in this study. FIA Type 3b was not 
analyzed because the inclusions are predominantly liquid inclusions at room temperature. 
In a given assemblage of Type 1a, 1b, 1c, 2a, 2b, 3a, 3c and 6, LV and LVS inclusions 
show consistent phase changes during both cooling and heating. The microthermometric 
data are provided in Appendix 8. 
Due to the small size of many inclusions, the first melting temperatures were only 
precisely measured for FIA Type 2a, 2b, and 6. The first melting temperatures for FIAs 
of Type 2a and 2b generally vary in a similar range (-24.9 to -21.5 °C) while the first 
melting temperature for Type 6 FIAs is somewhat higher, ranging from -23.9 to -19 °C. 
Although Raman spectroscopic analysis shows that CO2 is present in the FIA Type 2a, 3a 
and 6, neither CO2 melting nor clathrate formation was observed during the 
microthermometric analysis of these FIAs. This suggests that CO2 densities are low in 
these FIAs.  
Figure 5.10 summarizes the ranges of final ice-melting temperatures (TmICE) and 
homogenization temperatures (Th (LV→ L)) for the primary FIAs. In a given assemblage of 
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Type 1a, 1b, 2a, 2b and 6, the analyzed inclusions show variable TmICE values. The 
variability in TmICE value of inclusions in a given assemblage has no correlation with the 
presence of solids in the inclusions. FIA Type 1a and 2b have a similar range of TmICE 
values (~ -22 to ~ -8 °C). TmICE values of inclusions in a given assemblage of Type 1c, 
3a and 3c are relatively consistent, mostly lying between ~ -25 and -20 °C (Fig. 5.10a). 
Compared to Type 1a, 1b, 1c, 2b, 3a and 3c, Type 2a FIAs generally show relatively high 
TmICE values, with the majority of the TmICE value varying from ~ -15 to -5 °C. One 
Type 6 FIA shows TmICE values varying from ~ -28 to -22 °C, whereas the other three 
Type 6 assemblages measured exhibit higher TmICE values (-15 to -5 °C). SEM-EDS 
decrepitate analysis of FIAs show that Na and Cl are the predominant cation and anion in 
the fluids and that K is also an important, although subsidiary, cation (see below). Thus, 
the TmICE data can reasonably be converted to salinity in terms of equivalent weight 
percent of NaCl (Appendix 8). 
Compared with other FIA types, FIAs of Type 1a and 3a have considerable scatter in 
their Th (LV→ L) values (Fig. 5.10). Most Th (LV→ L) values for Type 1a inclusions lie 
between 100 and 250 °C, but range up to 400 °C, whereas most Th (LV→ L) values for 
Type 3a inclusions vary from ~ 100 to 270 °C. Type 2a and 6 FIAs have relatively high 
Th (LV→ L) values (~ 200 - 342 °C) (Fig. 5.10). In contrast, Types 1b, 1c, 2b and 3c FIAs 
are characterized by Th (LV→ L) below 200 °C, of which, Type 1b shows the lowest Th 
(LV→ L). Additionally, the various solids in the analyzed FIAs do not dissolve or show any 
changes during heating.  
5.7.3. SEM-EDS analysis of Fluid Inclusion Decrepitates 
Backscatter electron images of the decrepitates of representative primary fluid inclusions 
from Type 2a, 2b, 3a and 3c assemblages are shown in Fig. 5.11 and the bulk chemistry 
of the decrepitates is given in Table 5-1. The size of the decrepitates mainly ranges from 
5 to 15 microns, except those from Type 2b FIAs which are somewhat larger (up to 20 
microns in diameter). In most decrepitates, small (< 1 micron) bright phases are visible 
on BSE images (Fig. 5.11). EDS analysis indicates that in the decrepitates of FIA type 2a 
(Fig. 5.11b), these phases commonly contain Ba, REE, Sr, Si and S, with K, Ca and Ti 
sporadically detected and that those from FIA type 3b (Fig. 5.11d) contain high Th and Si 
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concentrations (possibly thorite). The detected Na and Cl in the bright phases are caused 
by inference from the main mass of the decrepitates as these two elements dominate the 
decrepitate compositions (Fig. 5.11). 
EDS analysis shows that Si, O, Na and Cl are the most abundant elements in the analyzed 
decrepitates (Table 5-1a). Binary plots (Fig. 5.12) show that there is a positive correlation 
between Na and Cl, a positive correlation between Si and O, and a negative correlation 
between Si and Cl. This suggests that the Si and O are predominantly contributed by the 
host quartz. Element concentrations were then renormalized without Si and O (see Table 
5-1). Some analyzed decrepitates show charge imbalance (i.e., the sum of anions is 
deficient relative to the sum of cations)(Table 5-1c). Several factors may have 
contributed to the imbalance, including volatility of anions and topographic relief of 
decrepitates. Volatility of anions seems not be the reason for charge imbalance in some 
analyzed decrepitates as some analyses show charge balance and the analytical conditions 
were the same for all EDS decrepitate analysis. Topographic relief has no clear relation to 
the occurrence of charge imbalance. To fully assess these factors is beyond the scope of 
this study. However, such charge imbalance is unlikely to have an effect on cation ratios 
(Savard and Chi, 1998).  
Sodium and Cl are the predominant cation and anion in the decrepitates of all the 
analyzed FIAs. Decrepitates from FIA type 2a and FIA type 2b have Na/Cl molar ratios 
mostly varying between 1.2 and 1.6, whereas decrepitates from FIA type 3b have 
relatively low Na/Cl molar ratios (0.9 - 1.1) compared with the decrepitates from the 
other FIA types (Table 5-1). Magnesium (1.4 - 2.1 wt. %), Ca (3.3 - 3.8 wt. %) and F (6.6 
wt. %) were only detected in the decrepitates of FIA type 2b, which are characterized by 
relatively low Na and Cl concentrations. Potassium is an important element in the 
decrepitates of FIA types 2b and 3a.   Phosphorous (3.9 wt. %) was detected in one 
analysis of a decrepitate from a Type 2a inclusion. REE are present in the decrepitates of 
FIA types 2a, 3a and 3b, of which, the decrepitates from FIA type 2a contain relatively 
high Ce concentration (3.9 - 10 wt. %) (Fig. 5.13). Table 5-2 summarizes the bulk 
chemistry of the decrepitates of various FIA types.  
5.7.4 Laser Ablation ICP-MS Analysis  
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Sodium concentrations of individual fluid inclusions were calculated based on the fluid 
salinities obtained through microthermometry and were then used as the internal standard 
for laser ablation ICP-MS analyses for calculating other element concentrations. Laser 
ablation ICP-MS data of a selection of fluid inclusions is presented in Table 5-3 and 
summarized in Fig. 5.16. Sodium is the most predominant cation in all the analyzed 
fluids and was always detected. Potassium is present in inclusion types 1a (in zircon-
dominated pseudomorphs), 2a (in rutile and anatase-rich pseudomorphs), 2b 
(pseudomorphs containing relict K-feldspar) and 3a (in growth zones of quartz associated 
with bastnäsite) but the concentration of K varies considerably in the inclusions from the 
same FIA types (Fig. 5.16a). For example, the K concentrations vary from 0.5 up to ~ 16 
wt. % in the inclusions from Type 1a FIAs. The K concentrations in inclusions from 
Type 3c FIAs, which are related to precipitation of xenotime and thorite, were below 
detection. The Na/K ratios in the inclusions from a given FIA type are variable (e.g., 
Na/K molar ratio varies from 1 to 26.4 for FIA Type 1a). Calcium is only present in 
inclusions from FIA types 1a, 2a and 2b (Fig. 16a). LA-ICP-MS analysis also shows that 
the inclusion containing the highest Ca concentration is from FIA Type 2b, similar to 
EDS decrepitate analysis. Calcium concentrations of the other fluids are below detection. 
However, inclusions in FIA types 1a and 2a only contain minor Ca (< 1 wt %) and in 
Type 2b concentrations are up to 3.1 wt % Ca. Lithium, Be, Ti, Fe and Rb were detected 
in inclusions from different types of FIAs. The fluid in Type 1a FIAs are characterized by 
relatively high Li (~ 160 - 3896 ppm) and Rb (~ 130 - 2991 ppm), but low Be (≤ 2 ppm), 
compared to the other inclusions (Fig. 5.16b). The fluid in Type 2a and Type 2b FIAs 
contain similar Li (< 100 ppm) and Rb (~ 20 -360 ppm) concentrations to each other. The 
highest Be concentration (215 ppm) occurs in the analyzed inclusion from FIA type 1c. 
Type 3a FIAs have relatively high Ti (1040 - 2315 ppm) and Fe (~ 1.9 - 5 wt. %). 
Phosphorus was detected in a few inclusions from Type 1a and Type 3a FIAs and the 
maximum P concentration reaches 4852 ppm.  
The LA-ICP-MS analyses confirm the EDS decrepitate data and show that HFSE are 
present in the primary FIAs. Figure 5.15 shows an example of an LA-ICP-MS spectrum 
in which Nd has been detected in the fluids. Niobium was detected in the fluids in 
inclusion types 1a (zircon-dominated pseudomorphs), 2a (rutile and anatase-rich 
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pseudomorphs), 2b (pseudomorphs containing relict K-feldspar) and 3c (in growth zones 
of quartz associated with xenotime-thorite), with concentrations ranging from < 1 to up to 
286 ppm (Fig. 5.16c). FIA types 1a and 2a are from pseudomorphs that contain minor 
columbite and rutile, whereas FIA types 2b and 3c have no associated Nb-rich minerals. 
Tantalum concentrations in the analyzed fluids are commonly below detection and the 
maximum Ta concentration measured is 1.1 ppm (Table 5-3). A few fluid inclusions in 
the FIAs of types 1a, 2a and 3c contain detectable Zr, with a maximum Zr concentration 
of 55 ppm (Fig. 5.16 c). The inclusions from Type 3c FIAs, which are related to 
precipitation of xenotime, contain the highest Y concentration (~ 20 - 263 ppm).  Figure 
5.16 shows that LREE and MREE are detectable in the analyzed fluids, but that the 
concentrations of HREE in the analyzed fluids are below detection. Cerium was detected 
in most fluids except in Type 1c inclusions from the phenakite-dominated pseudomorphs. 
Cerium and Nd concentrations in the fluids related to the precipitation of zircon, Ti 
oxides, bastnäsite and xenotime vary over similar ranges, and are significantly higher 
than the Ce and Nd concentrations of the fluids in Type 2b FIAs. The maximum values 
for Ce and Nd concentrations in these fluids are 584 ppm and 215 ppm, respectively.  
5.7.5. Hydrogen and Oxygen Isotopes  
Two polylithionite samples and two quartz samples from assemblages where these two 
minerals appear to show textural equilibrium (e.g., straight contact between quartz and 
polylithionite) were separated from the QP unit and analyzed for H and O stable isotopes. 
In addition, two quartz samples were separated from each of the rock units, including the 
least altered LIZ, more altered LIZ and quartz-bastnäsite unit. Microscopic observations, 
indicate that polylithionite and quartz grains from the QP unit contain no visible solid 
inclusions. The purity of quartz from the least altered LIZ and more altered LIZ was as 
high as 98%, but up to ~ 2 vol. % Fe oxide inclusions were present in the quartz grains. 
Mineral inclusions (mainly fluorite) in quartz from the quartz - bastnäsite unit occupied 
less than 2 vol.%.  
The δ18O and δD values of the polylithionite and quartz are summarized in Table 4. 
Quartz from the least-altered pegmatite show δ18O values ranging from 8.5 to 9.1 ‰, 
whereas quartz from the more altered LIZ and quartz-bastnäsite units exhibits δ18O 
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values of between 9.9 and 11.8 ‰, which are slightly higher than those for the quartz 
from the pegmatite. The δ18O values of the two quartz samples from the QP unit are 
inconsistent. The δ18O value (14.4 ‰) of quartz from sample 90807 is much higher than 
that of quartz from sample 84-82-14 (10.1 ‰), although the polylithionite from this unit 
exhibit consistent δD (-99 to -92 ‰) and δ18O  (6.6 to 7.0 ‰) values.  
5.8 Discussion 
5.8.1 Variability in Homogenization Temperatures and Salinities 
Although both LV and LVS inclusions are present in a given FIA, the various solids in 
the inclusions do not dissolve during heating, which indicates that they are trapped solids 
rather than daughter minerals. This is consistent with the fact that the distribution of 
solids in a given assemblage is inconsistent and co-existing LV and LVS inclusions have 
similar salinities and Th (LV→ L) values. Therefore, the final homogenization temperatures 
for all inclusions can be represented by their Th (LV→ L) values. 
Inclusions in FIA types 1a and 3a show variability in Th (LV→ L) (FIA Type 1a: 100 up to 
400 °C; FIA Type 3a: mostly 124 to 267 °C), whereas inclusions from the other FIA 
types have Th (LV→ L) values that vary over narrower ranges (< 70 °C) (Table 5-5). The 
reasons for this variation may be one or more of the following: (1) boiling of fluids 
during entrapment (i.e. entrapment of various proportions of liquid and vapour); (2) re-
equilibration of fluid inclusions (necking-down); and (3) trapping of multiple fluids or 
mixtures during crystal growth.  
Taylor and Pollard (1996) conducted microthermometric analysis on FIAs in quartz and 
fluorite from the T Zone. According to their study, their analyzed FIAs consisted of both 
aqueous, liquid-rich and vapor-rich inclusions and the homogenization temperature (Th 
(LV→ L) or Th (VL→ V)) ranged from 140 to 420 °C. Taylor and Pollard (1996) concluded 
that entrapment of boiling fluids was the reason for the variability in homogenization 
temperatures. Nevertheless, in the study by Taylor and Pollard (1996) their criteria for 
identification of primary inclusions is in doubt. Fluid inclusions in planes beginning and 
ending within a single crystal and isolated individual inclusions with different 
compositions from nearby secondary fluid inclusions were classified as primary (Taylor 
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and Pollard, 1996). Although such inclusions could be pseudosecondary or primary, 
definitive evidence of a primary origin requires a demonstrated relationship between the 
inclusions and growth features in the host mineral. If a boiling fluid was trapped, a larger 
range of L/V ratios in a single FIA would be expected (i.e., vapor-rich inclusions would 
be present). However, in this study, careful scrutiny of the vapor-rich inclusions reveals 
that most vapor-rich inclusions are likely secondary. The inclusions in a given 
assemblage of Type 1a or Type 2b are aqueous, liquid-rich LV or LVS inclusions. 
Therefore, the lack of vapour or vapour-rich inclusions in Type 1a or Type 2b FIAs 
indicates that the entrapment of boiling fluids is not the reason for variability in Th (LV→ L) 
value for these FIA types.  
Necking-down is the most likely reason for the variability in Th (LV→ L) values for Type 
3a FIAs. This is because all the inclusions in a given assemblage of FIA Type 3a have 
consistent salinities. In contrast, Type 1a and Type 2b FIAs consisting of inclusions that 
define the boundaries of pseudomorphs or confined to the quartz inside pseudomorphs 
show significant variability in both Th (LV→ L) values and salinities. Therefore, the reason 
for variability in Th (LV→ L) values for Type 1a and 2b FIAs may be entrapment of 
multiple fluids or a mixture of fluids, as was concluded for these assemblages to explain 
their variable salinities (discussed below). 
Fluid inclusion assemblage types 1a, 1b, 2a, 2b and 6 show considerable variability in the 
salinity of inclusions within a given assemblage (Fig. 5.10). Because FIAs of types 1a, 
1b, 2a and 2b are confined to various types of pseudomorphs in quartz, the fluids in these 
FIA types were entrapped during replacement of the precursor minerals. The variability 
in salinity implies that fluids with different character were present over the time of 
pseudomorph development and that formation of HFSE-rich pseudomorphs was 
protracted. The variable Na/K ratios in the inclusions from the same FIAs also support 
this hypothesis (see LA-ICP-MS results). 
The variability in Th (LV→ L) values and salinities for inclusions in individual 
pseudomorphs indicates that the development of some pseudomorphs and the associated 
precipitation of HFSE minerals during pseudomorph development likely happened over a 
protracted time period where a variety of fluids were able to permeate the altered rocks.  
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For FIA type 1a, in a given assemblage, the inclusions also show variability in Th (LV→ L) 
values, which may indicate that the development of zircon-dominated pseudomorphs (or 
precipitation of zircon) was not a rapid process and cooling could have happened. In 
contrast, for FIA types 2a, the inclusions in a given assemblage show relatively consistent 
Th (LV→ L) values, which either indicates that the precipitation of Ti oxides happened 
rapidly or that the temperature in the QP unit did not change during the precipitation of Ti 
oxides. Petrographic evidence shows that HFSE minerals were precipitated at different 
alteration stages in the T Zone (Chapter 2). This is consistent with the implications from 
the character (salinities and homogenization temperatures) of the fluids. The quartz with 
growth zones must have formed from a more homogeneous fluid, as indicated by the 
consistent salinities of FIA types 3a and 3c. 
For Type 6 FIAs, one assemblage shows higher salinity than the other assemblages (Fig. 
5.10a). The assemblage with higher salinity is present in bastnäsite from the QP unit with 
a strong bastnäsite overprint, whereas the assemblages with lower salinities are present in 
bastnäsite from the quartz-bastnäsite unit. The salinity difference between these two 
assemblages indicates either that different fluids precipitated bastnäsite in different 
places, and possibly at different times, or that the REE-rich fluid chemistry evolved with 
time. 
5.8.2 Temperatures of Fluid Events in the T Zone 
The microthermometric data show that the fluid inclusions are mostly characterized by 
homogenization temperatures of less than 350 °C. To date, only Taylor and Pollard 
(1996) estimated the crystallization pressure (~ 2 kbar) of the hydrothermal quartz in the 
T Zone. However, their pressure estimate was based on the mole fraction of CO2 and 
homogenization temperatures of fluid inclusions and the hypothesis that the fluid was 
boiling during entrapment. However, the fluid inclusion assemblages Taylor and Pollard 
(1996) analyzed likely contained many secondary inclusions (CO2-rich). Therefore, their 
estimated pressure for the hydrothermal quartz in the T Zone is in doubt.  
To our knowledge, the only estimated emplacement pressure for the Blachford Lake 
Complex is for the western granitic and syenitic phases at approximately 3.5 kbar 
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(Mumford and Cousens, 2012).  According to Mumford and Cousens (2012), the Thor 
Lake Syenite and Grace Lake Granite may have been emplaced at similar pressures to the 
western granitic and syenitic phases. If their hypothesis is correct, the T Zone pegmatite 
would have a crystallization pressure close to 3.5 kbar, given that it is hosted by the Thor 
Lake Syenite and Grace Lake Granite. This estimated pressure can be used to calculate 
entrapment temperatures for the various fluids in the T Zone.  
Table 5-5 summarizes the entrapment temperatures (Tt) of various fluids related to 
precipitation of various HFSE minerals. For comparison, Ti-in-quartz temperatures for 
the various T Zone units (Chapter 4) are summarized in Table 5-6. Precipitation of 
xenotime, thorite and phenakite was related to fluids (FIAs 1c and 3c) with relatively low 
temperatures (245 - 364 °C)(Table 5-5). These are consistent with temperatures estimated 
from Ti-in-quartz thermometry using quartz in equilibrium with phenakite, which range 
from 328 - 385 °C (Table 6). Type 2a FIAs, which were formed during precipitation of Ti 
oxides in the QP unit, have Tt values mostly ranging from 490 to 620 °C, which is higher 
than the Ti-in-quartz temperatures (379 - 451 °C). This implies that there is more than 
one generation of quartz in the QP unit and that the quartz in equilibrium with the Ti 
oxides crystallized at a temperature higher than the crystallization temperature (obtained 
through Ti-in-quartz geothermometry) of the QP unit. Type 2b FIAs which represent an 
alteration event involving the replacement of K-feldspar by quartz in the QP unit have Tt 
values mostly varying between 220 and 320 °C that are lower than the crystallization 
temperature of the QP unit. 
Because there are no reported oxygen isotope fractionation factors between quartz and 
polylithionite in the literature, the oxygen isotope fractionation factor between quartz and 
muscovite has to be used, given that polylithionite belongs to the muscovite group. Based 
on the oxygen isotope fractionation factor between quartz and muscovite proposed by 
Chacko et al. (1996), calculations using δ18O values of the quartz-polylithionite pairs 
from samples 84-82-14 and 90807 yield crystallization temperatures of 360 °C and 148 
°C, respectively. The temperature of 360 °C is comparable to the crystallization 
temperature of the QP unit based on Ti-in-quartz geothermometry (379 to 451 °C; 
Chapter 4). However, the temperature of 148 °C is even lower than the entrapment 
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temperature of Type 2b FIAs. Combining the temperatures obtained by oxygen isotope 
thermometry and Ti-in-quartz thermometry, the possible explanations for the discrepancy 
in the temperatures include: (1) oxygen isotope exchange between quartz (from sample 
90807) and fluids during late fluid events; (2) the presence of two quartz generations; (3) 
contamination during the oxygen isotopic analysis of quartz sample 90807. The first 
possibility may be ruled out as similar δ18O and δD values in polylithionite from the two 
rock samples indicate that the oxygen isotopic compositions of minerals were unlikely to 
have been modified during late fluid-rock interaction. Calculated fluid δ18O values based 
on the δ18O values of polylithionite and quartz indicate either that the quartz from sample 
90807 was not co-genetic with polylithionite or that the quartz from sample 90807 may 
be contaminated (Table 5-7). Therefore, 360 °C obtained using oxygen isotope 
thermometry is consistent with the crystallization temperature (379 to 451 °C) for the 
quartz-polylithionite unit obtained using Ti-in-quartz geothermometry. 
Three FIA types (1b, 3a, and 6) are related to precipitation of bastnäsite-group minerals 
in the quartz-bastnäsite unit, but have different entrapment temperatures (Tt) (Table 5-5). 
Type 6 FIAs show the highest Tt (mostly ranging from 500 to 610 °C), whereas Type 1b 
FIAs, which are present within bastnäsite-dominated pseudomorphs, have the lowest Tt 
(210 - 248 °C). Type 3a FIAs, present in the growth zones in quartz enclosing bastnäsite, 
have Tt values mostly lying between 265 and 433 °C (346 °C on average) which is 
consistent with the crystallization temperature (292 - 511 °C; 362 °C on average) of 
quartz based on Ti-in-quartz geothermometry (Table 5-6). Therefore, the higher 
entrapment temperatures for the FIAs in bastnäsite indicate either that bastnäsite and 
quartz were precipitated at different times or that the inclusions hosted by bastnäsite 
(considering that bastnäsite is a soft mineral) have been stretched. 
5.8.3 Fluid Chemistry 
Microthermometry indicates that there are generally two populations of fluids. One 
population (including fluids related to Type 1a, 1b, 1c, 2b, 3a and 3c FIAs) is 
characterized by relatively low homogenization temperatures but moderate salinities, 
whereas, the other (including fluids related to Type 2a and 6 FIAs) is characterized by 
relatively high homogenization temperatures but lower salinities (Fig. 5.10). Laser 
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ablation ICP-MS analysis of the fluid inclusions indicate that the fluids are characterized 
by different chemistry (see Table 5-5 for a summary). The low-temperature fluids are 
relatively enriched in Be, Li, Zr, Y and LREE (up to 584 ppm Ce, 215 ppm Nd, 19.6 ppm 
Sm, 3.3 ppm Eu and 22.6 ppm Gd) compared to the high-temperature fluids. 
According to Salvi et al. (2000), the major elements in the fluid from the Tamazeght REE 
deposit, which is hosted by an alkaline complex, include Na, Ca, Mn, Fe, K and Cl and 
no fluorine was detected in the decrepitates they analyzed. SEM-EDS decrepitate analysis 
of the primary FIAs in the T Zone shows that Cl is the most abundant anion in the fluids 
and that F concentrations in most analyzed decrepitates are below the detection limit, 
which indicates that fluorine is not the most important anion in the T Zone fluids. Similar 
to the fluid in the Tamazeght REE deposit, the most abundant cations in the T Zone fluids 
include Na and K. Nevertheless, Ca which is the second most abundant element in the 
fluids from the Tamazeght (Salvi et al., 2000), was not detected in most analyzed 
decrepitates in this study. This is consistent with the eutectic temperatures of the FIAs 
from the T Zone which are much higher than the eutectic temperatures of the Ca-rich 
fluids from Tamazeght (-45 to -20 °C; Salvi et al., 2000).  Also, LA-ICP-MS analysis 
also shows that Na is the predominant cation and that Ca is only present in trace 
quantities.   
Both EDS decrepitate and LA-ICP-MS analyses of FIAs of types reveal that HFSE are 
present in all of the fluids in the T Zone. Zirconium concentrations in the fluids are 
generally similar, varying from several ppm up to 55 ppm. Chemical analysis of fluids 
from other deposits show comparable Zr concentrations. For example, according to 
Zajacz et al. (2008), fluids from the Mt. Malosa alkaline granite contain up to 45 ppm Zr.  
Salvi et al. (2000) estimated that there was up to 45.6 ppm Zr at 200 °C in the fluids from 
the Tamazeght Complex, though the Zr concentrations in the fluids were not directly 
determined in their study. 
The Nb concentration of the fluid in the T Zone reaches as high as 286 ppm, which is 
much higher than the reported Nb concentration (79 ppm on average) for the fluids from 
Mt. Malosa alkaline granite (Zajacz et al., 2008). Although many experimental studies 
have been conducted to assess the solubility of Nb in melts (e.g., Linnen and Keppler, 
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1997; Mitchell and Kjarsgaard, 2004; Chevychelov et al., 2010), there are few 
experimental studies that deal with solubility of Nb in aqueous solutions. According to 
Wood (2005), at high pH (>8), hexaniobate species are quite soluble and Nb 
concentration in aqueous solutions can reach 0.1 molar. Therefore, Nb can be quite 
mobile in hydrothermal fluids under certain conditions. 
The maximum Ti concentration in the fluids that was obtained in this study is 2764 ppm. 
Although most experimental studies on Ti solubility in aqueous solutions were carried 
out at high temperatures (e.g., Ryerson and Watson, 1987; Ayers and Watson, 1993; 
Tropper and Manning, 2005; Rapp et al., 2010; Hayden and Manning, 2011), these 
experimental studies do show that Ti can be quite soluble in aqueous solutions and that 
the presence of chlorine and fluorine can significantly increase Ti solubility. According 
to Rapp et al. (2010), Ti concentrations in 10 % NaCl and 10 % NaF solutions can reach 
thousands of ppm at temperature from 800 to 1000 °C. The experimental study of 
Ryzhenko et al. (2006) which was conducted at 500 °C and 1 kbar led to the same 
conclusion. 
The LREE concentration ranges for the fluids in the T Zone are comparable to those of 
fluids from other deposits (e.g., Capitan Mountains: Banks et al., 1995; Audétat et al., 
2008; Rito del Medio: Zajacz et al., 2008). Heavy REE in all of the analyzed fluids are 
below detection. The depletion in HREE may indicate either that all the fluids were 
enriched in LREE, relative to HREE, or that LREE and HREE were fractionated due to 
precipitation of HREE-rich minerals. Nevertheless, all fluids show LREE enrichment, 
including the fluids responsible for precipitation of bastnäsite. This suggests that the 
depletion in HREE is likely a typical characteristic of the fluids in the T Zone. 
There is no doubt that HFSE can be present in significant amounts in hydrothermal 
fluids. Further questions relate to how HFSE are transported in and deposited from 
hydrothermal fluids. According to previous studies (e.g., Wood, 2005; Salvi and 
Williams-Jones, 2005), the important ligands for HFSE complexing in hydrothermal 
fluids include F-, Cl-, CO32-, PO43- and SO42-. Fluorine has been long considered the 
strongest complexing ligand for HFSE in hydrothermal fluids (e.g., Wood, 2005; Salvi 
and Williams-Jones, 2005). Recently, Williams-Jones et al. (2012) proposed that Cl- is 
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the most important ligand for transporting REE in hydrothermal fluids. The REE 
mineralization at Pea Ridge, Missouri (Samson and Wood, 2005), shows that REE 
phosphates (predominantly monazite) account for the most REE mineralization, such that 
PO43- needs to be considered, and as xenotime is one of the important REE minerals in 
the T Zone. In the deposits at Gallinas Mountains anhydrite and barite are common and 
related to REE deposition and thus SO42- was regarded as a potential ligand for 
transporting REE (Williams-Jones et al., 2000).  
Although F cannot be detected in fluid inclusions using LA-ICP-MS, it can be detected in 
the decrepitate mounds using SEM-EDS (Table 5-1). This study shows that fluorine is 
only present in a trace amounts in the mineralizing fluids in the T Zone. Rather, Cl is the 
most abundant and, therefore likely to have been the most important ligand in the T Zone 
fluids. Moreover, petrographic observations show that the majority of zircon in the T 
Zone is not associated with fluorite but rather is enclosed by massive quartz (Chapter 2). 
Although bastnäsite-dominated pseudomorphs commonly contain fluorite and carbonates, 
both postdate the bastnäsite-group minerals (Chapter 2). Therefore, the application of the 
fluorite-precipitation model of Williams-Jones et al. (2000) to the T Zone is problematic. 
In the T Zone, sulfates are rarely observed. However, REE-rich sulfates were detected in 
the decrepitates of the FIAs related to mineralization, which may indicate that SO42- was 
also an important ligand for transporting REE in the T Zone. Additionally, LA-ICP-MS 
analyses show that P is present in the decrepitates of Type 1a and Type 3a inclusions, 
which indicates that PO43- was involved in precipitation of HFSE minerals. This is also 
consistent with the occurrence of abundant REE phosphates (xenotime and monazite) in 
both the T Zone and Nechalacho deposit at Thor Lake. Phosphorus was detected in one of 
the decrepitates from Type 2a FIAs during EDS analysis but no P was detected in Type 2 
FIAs during LA-ICP-MS analysis. This indicates that the P detected during EDS analysis 
may represent a trapped solid.  
5.8.4 Hydrocarbons 
Hydrocarbons have been reported in fluids from several alkaline complexes that host 
HFSE mineralization (e.g., Strange Lake: Salvi and Williams-Jones, 2006; Illímaussaq: 
Krumrei et al., 2007; Graser et al., 2008). Salvi and Williams-Jones (2006) proposed a 
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model involving Fischer-Tropsch synthesis to explain the genesis of hydrocarbons in the 
Strange Lake Pluton in which arfvedsonite was extensively altered to aegirine at an early 
stage. According to their model, the replacement of arfvedsonite by aegirine is important 
in that it generated H2 and the magnetite needed for the Fischer-Tropsch synthesis. In 
contrast, no higher hydrocarbons have been detected in the mineralizing fluids in the T 
Zone, and even CO2 and CH4 are only present in trace amounts.  This is likely due to the 
generally low CO2 content of the fluids, but also could be related to the lack of suitable 
oxidation reactions involving Fe2+, which, in the Strange Lake model, generated the H2 
required for the reduction of CO2 to hydrocarbons through the conversion of arfvedsonite 
by aegirine. Compared to Strange Lake, the replacement of arfvedsonite by aegirine has 
never been observed in the T Zone. 
5.8.5 Fluid Sources 
The δ18O values for quartz from the least altered LIZ, more altered LIZ, QP and quartz-
bastnäsite units are comparable to those reported by Taylor and Pollard (1996). However, 
because Taylor and Pollard (1996) did not specify the types of rocks that they had 
sampled from the UIZ, it would be difficult to compare the two datasets in detail. The 
fluid that was in equilibrium with polylithionite and quartz in the QP unit show H-O 
stable isotopic characteristics consistent with magmatic water (Fig. 5.18). The fluid that 
caused extensive polylithionite alteration in the LIZ was likely magmatic water. Also, 
magmatic fluids could be the predominant component in the fluids that precipitated 
zircon and bastnäsite as indicated by the δ18O values of the fluid in equilibrium with 
quartz in the quartz-bastnäsite unit. 
5.9 Conclusions 
Based on our fluid inclusion study that integrates optical microscopy, Raman 
Spectroscopy, SEM-EDS, LA-ICP-MS and oxygen-hydrogen stable isotopic analysis, the 
following conclusions have been drawn: 
Microthermometry indicates that there are generally two populations of fluids. One 
population (including fluids related to Type 1a, 1b, 1c, 2b, 3a and 3c FIAs) is 
characterized by relatively low homogenization temperatures but moderate salinities, 
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whereas, the other (including fluids related to Type 2a and 6 FIAs) is characterized by 
relatively high homogenization temperatures but low salinities. Our study shows that the 
fluids responsible for HFSE transport in the T Zone contain significant HFSE, are 
aqueous and dominated by Na and Cl with trace amounts of CO2 and CH4, which differs 
from Taylor and Pollard (1996) who concluded that the fluids related to mineralization in 
the T Zone were CO2-rich. The two populations of fluids are characterized by different 
chemistry. The low-temperature fluids are relatively enriched in Be, Li, Zr, Y and LREE 
compared to the high temperature fluids.  
The fluids related to the main alteration events and HFSE precipitation were dominated 
by Na and Cl and lack of Ca and F. This suggests that the “fluorite precipitation” 
hypothesis proposed by Salvi and Williams-Jones (1996) may not be applicable to the 
HFSE mineralization in the T Zone, especially the precipitation of zircon that shows no 
affinity with fluorite. Moreover, REE are present in the hydrothermal fluids responsible 
for the REE and Be mineralization in the T Zone. 
Oxygen isotope geothermometry confirms that the temperature range 379 to 451 °C 
(obtained through Ti-in-quartz geothermometry) is a reasonable crystallization 
temperature for the QP unit. In addition, the fluid that caused extensive polylithionite 
alteration in the LIZ likely had a magmatic origin.  
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Figure 5.1 Schematic geological map of the Blachford Lake Complex (after Davidson, 
1978, 1982). 
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Figure 5.2 Schematic geological map of the Thor Lake mineral deposits and the T Zone 
(2a, after Davidson, 1982 and Sheard et al., 2012; 2b after Trueman et al., 1984). 
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Figure 5.3 Photomicrographs showing various HFSE and Be minerals in pseudomorphs 
in the T Zone. See text for details. Abbreviations: Qtz = quartz, Phk = phenakite, Kfs = 
K-feldspar, Bst = bastnäsite, Fl = fluorite, Ant = anatase, Zrn = zircon, Rt = rutile, Xnt = 
xenotime and Thr = thorite. 
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Figure 5.4 Photomicrographs of Type 1 FIAs in various pseudomorphs. (a) and (b) shows 
Type 1a FIAs that are restricted to within zircon-bearing pseudomorphs. (c) and (d) show 
Type 1b FIAs in bastnäsite-bearing pseudomorphs. (e) and (f) show Type 1c FIAs that 
are restricted to phenakite-bearing pseudomorphs. See text for details. 
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Figure 5.5 Photomicrographs of Type 2 FIAs in pseudomorphs. (a) and (b) show that 
FIAs of Type 2a define elongated pseudomorphs. (c) and (d): pseudomorphs after K-
feldspar that are defined mainly by fluid inclusions (Type 2b FIAs); the dark areas in 
figure c are relict K-feldspar. 
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Figure 5.6 Photomicrographs of Type 3 FIAs in growth zones in quartz that is associated 
with various mineral assemblage. (a) and (b) show Type 3a FIAs in growth zones in 
quartz that is associated with bastnäsite. (c) and (d) show Type 2b FIAs in growth zones 
in quartz associated with aegirine that is partially replaced by quartz + hematite/magnetite 
+ rutile ± zircon. (e) and (f) show Type 3c FIAs in growth zones in quartz that is 
associated with a mineral assemblage comprising  xenotime + thorite + hematite. Mineral 
abbreviations are same as in previous figures. 
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Figure 5.7 Photomicrograph (a) and BSE image (b) showing fluorite within a growth 
zone in quartz in which Type 3a FIAs are present. (c) BSE image with EDS analysis 
showing that fluorite in (a) and (b) contains REE-rich microinclusions (< 1 micron in 
size). 
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Figure 5.8 Photomicrographs of Type 4, 5, and 6 FIAs. (a) and (b) showing that FIAs of 
Type 4 are present within the growth zones of fluorite that is associated with bastnäsite. 
(c) and (d) show Type 5 FIAs in quartz crystals as isolated fluid inclusions. (e) and (f) 
show Type 6 FIAs, consisting of fluid inclusions in bastnäsite crystals with their long 
axes parallel to the c-axis of the host mineral. 
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Figure 5.9 Raman Spectra of solid phases in the primary fluid inclusions from Type 1a 
and 2a FIAs. (a) Raman spectra showing that the presence of zircon in the inclusion from 
Type 1a FIAs. (b) Raman spectra showing the presence of both rutile and anatase in the 
inclusion from Type 2a FIAs. These solids are trapped solids and were co-genetic with 
the relevant fluids. See text for details. 
 
 
 
 
 
 
 
 
Ant%
Qtz%
Ant%
Qtz%
Qtz%
Rt%
Ant%Ant% Ant% Ant%
Rt% b 
25µm 
 
  270 
 
 
 
-30
-25
-20
-15
-10
-5
0
Tm
IC
E (
℃
)
 FIAs
1a
1b
1c
2a
2b
3a
3c
6
a
50
100
150
200
250
300
350
400
Th
 (℃
)
 FIAs
1a
1b
1c
2a
2b
3a
3c
6
b
-30 -25 -20 -15 -10 -5 0
Melting T of Ice (℃)
50
100
150
200
250
300
350
400
Th
 (℃
)
1a
1b
1c
2a
2b
3a
3c
6
c
  271 
Figure 5.10 (a) Box-whisker diagram showing the final melting temperature of ice in 
various FIAs. (b) Box-whisker diagram showing the homogenization temperatures of 
various FIAs. In (a) and (b), the box starts from the lower quartile to the upper quartile of 
a data set whereas the whiskers are extended to extreme data points. (c) Binary diagram 
showing variation in final melting temperatures of ice and homogenization temperature. 
See text for the classification of FIAs in the T Zone. 
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Figure 5.11 BSE images showing decrepitates of Type 3a FIAs (a and b) and Type 3b 
FIAs (c and d). (b) is the enlarged image for the area in the red box in (a). EDS analyses 
indicate that the bulk chemistry of the decrepitates is dominated by Na and Cl with minor 
K. Also, Ca, Ba, Sr, Ce, Tm, Yb and S are present in the disseminated bright phases in 
Type 3a FIAs (Fig. 5.11b). The bright phases in Type 3b decrepitates are a Th-rich 
mineral (possibly thorite) (Fig. 5.11d). 
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Figure 5.12 Binary plots showing correlations between Cl, Na, Si and O concentrations in 
the analyzed decrepitates from Type 2a, 2b, 3a and 3b FIAs. Chlorine exhibits a negative 
correlation with Si and a positive correlation with Na. Also, Si and O have a roughly 
positive, linear correlation. These correlations between Si, O, Na and Cl indicates that the 
detected Si in the decrepitates is predominantly caused by the host quartz during SEM-
EDS analysis and that the fluids in the analyzed FIAs are dominated by Na and Cl. 
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Figure 5.13 Box-whisker diagram showing the results of EDS decrepitate analysis for 
FIA types 2a, 2b, 3a and 3b. The results show that Na and Cl are the predominant cation 
and anion in the fluids, respectively. Potassium is also an important cation in FIAs of 
types 2b and 3a, whereas Ca has only been detected in the decrepitates of Type 2b FIAs. 
Cerium is present in the fluids in FIA types 2a, 3a and 3b. 
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Figure 5.14 LA-ICP-MS spectrum showing counts for Na, K, Si and Nd.  The inclusion is 
indicated by the counts for Na and K, and the Nd counts increase in correspondence with 
Na, indicating the presence of Nd in the inclusion fluid. 
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Figure 5.15 Box-whisker diagrams showing element concentrations of the analyzed fluids 
in the T Zone deposit. 
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Figure 5.16 Chondrite-normalized REE pattern for the analyzed fluid inclusions from the 
T Zone. The shaded area in the plot represents the concentration ranges for analyzed fluid 
inclusions from REE-bearing veins from the Capitan Mountain pluton (Banks et al., 
1995). 
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Figure 5.17 Box-whisker diagram showing entrapment temperatures of different FIA 
types and Ti-in-quartz temperatures for different T Zone units. See texts for details. 
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Figure 5.18 Box-whisker diagram showing the calculated δ18O values for the fluids in 
equilibrium with the analyzed quartz and polylithionite from the T Zone. Abbreviations 
are the same as in previous figures. The calculated δ18O values for fluids by Taylor and 
Pollard (1996) were based on δ18O values of quartz from the QP unit and quartz-
bastnäsite unit. The temperature for calculation in Taylor and Pollard (1996) was the 
entrapment temperature of fluids (350 °C). 
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Table 5-1a Bulk compositions of the decrepitates of fluid inclusions in Type 2a, 2b, 3a and 3b FIAs (element concentrations in wt. %). 
Decrepitate FIA Type  Na  Mg  Al  Si   P   S  Cl   K  Ca  Ce  Pr  Eu   O   F 
84-82-6-D1 2a 7.5 b.d. b.d. 46.1 b.d. b.d. 7.5 b.d. b.d. b.d. b.d. b.d. 38.9 b.d. 
84-82-6-D2 2a 28.0 b.d. b.d. 11.4 b.d. 0.6 36.3 b.d. b.d. 3.2 b.d. 1.5 19.1 b.d. 
84-82-6-D2 2a 22.0 b.d. b.d. 22.7 b.d. 0.4 26.9 b.d. b.d. 5.7 b.d. 2.1 20.2 b.d. 
84-82-6-D3 2a 8.4 b.d. b.d. 44.0 b.d. b.d. 9.3 b.d. b.d. b.d. b.d. b.d. 38.3 b.d. 
84-82-6-D4 2a 12.1 b.d. 0.6 34.4 0.9 1.3 7.0 b.d. b.d. b.d. b.d. b.d. 43.8 b.d. 
21_D3 2b 7.2 0.3 1.7 45.5 b.d. 1.6 7.5 0.7 0.6 b.d. b.d. b.d. 34.9 b.d. 
21_D9 2b 16.3 0.8 b.d. 35.5 b.d. b.d. 19.5 b.d. 1.6 b.d. b.d. b.d. 23.6 2.7 
NTZ7_D1 3a 33.5 b.d. b.d. 4.2 b.d. b.d. 50.9 1.6 b.d. b.d. b.d. b.d. 9.7 b.d. 
NTZ7_D2 3a 26.7 b.d. b.d. 19.8 b.d. b.d. 33.2 b.d. b.d. 2.6 3.6 b.d. 14.2 b.d. 
NTZ7_D3 3a 6.2 b.d. b.d. 47.0 b.d. b.d. 7.1 b.d. b.d. b.d. b.d. b.d. 39.7 b.d. 
IS11-04-D1 3b 29.1 b.d. b.d. 18.7 b.d. b.d. 45.2 b.d. b.d. b.d. b.d. b.d. 7.1 b.d. 
IS11-04-D2 3b 30.2 b.d. b.d. 6.5 b.d. b.d. 54.8 b.d. b.d. b.d. b.d. b.d. 8.5 b.d. 
IS11-04-D4 3b 28.8 b.d. b.d. 11.4 b.d. b.d. 39.5 b.d. b.d. 4.5 b.d. 2.7 13.2 b.d. 
  
Table 5-1b Renormalized element concentrations (in wt. %) in the analyzed decrepitates. 
Decrepitate FIA Type  Na* Mg* Al*   P*   S*  K* Ca* Ce*  Pr* Eu*  Cl*   F* Na/Cl** 
84-82-6-D1 2a 50.1 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 49.9 b.d. 1.6 
84-82-6-D2 2a 40.2 b.d. b.d. b.d. 0.9 b.d. b.d. 4.6 b.d. 2.1 52.2 b.d. 1.2 
84-82-6-D2 2a 38.5 b.d. b.d. b.d. 0.6 b.d. b.d. 10.0 b.d. 3.7 47.1 b.d. 1.3 
84-82-6-D3 2a 47.4 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 52.6 b.d. 1.4 
84-82-6-D4 2a 55.3 b.d. 2.8 3.9 5.8 b.d. b.d. b.d. b.d. b.d. 32.2 b.d. 2.6 
21_D3 2b 36.6 1.4 8.6 b.d. 8.2 3.6 3.3 b.d. b.d. b.d. 38.3 b.d. 1.5 
21_D9 2b 39.9 2.1 b.d. b.d. b.d. b.d. 3.8 b.d. b.d. b.d. 47.6 6.6 1.3 
NTZ7_D1 3a 38.9 b.d. b.d. b.d. b.d. 1.9 b.d. b.d. b.d. b.d. 59.2 b.d. 1.0 
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NTZ7_D2 3a 40.4 b.d. b.d. b.d. b.d. b.d. b.d. 3.9 5.4 b.d. 50.3 b.d. 1.2 
NTZ7_D3 3a 46.3 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 53.7 b.d. 1.3 
IS11-04-D1 3b 39.2 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 60.8 b.d. 1.0 
IS11-04-D2 3b 35.5 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 64.5 b.d. 0.9 
IS11-04-D4 3b 38.2 b.d. b.d. b.d. b.d. b.d. b.d. 5.9 b.d. 3.6 52.3 b.d. 1.1 
 
Table 5-1c Charge Balance Calculations for decrepitates. 
Decrepitate FIA Type Na+ Mg2+ Al3+   P5+   K+ Ca2+ Ce3+ Pr3+ Eu3+ sum of cation   S2-  Cl-   F- sum of anion charge  difference 
84-82-6-D1 2a 2.18                 2.18   -1.41   -1.41 0.77 
84-82-6-D2 2a 1.75           0.10   0.04 1.89 -0.06 -1.47   -1.53 0.36 
84-82-6-D2 2a 1.67           0.21   0.07 1.96 -0.04 -1.33   -1.37 0.59 
84-82-6-D3 2a 2.06                 2.06   -1.48   -1.48 0.58 
84-82-6-D4 2a 2.40   0.31 0.63           3.34 -0.36 -0.91   -1.27 2.07 
21_D3 2b 1.59 0.12 0.95   0.09 0.16       2.92 -0.51 -1.08   -1.59 1.32 
21_D9 2b 1.74 0.17       0.19       2.10   -1.34 -0.35 -1.69 0.41 
NTZ7_D1 3a 1.69       0.05         1.74   -1.67   -1.67 0.07 
NTZ7_D2 3a 1.75           0.08 0.12   1.96   -1.42   -1.42 0.54 
NTZ7_D3 3a 2.02                 2.02   -1.51   -1.51 0.50 
IS11-04-D1 3b 1.70                 1.70   -1.72   -1.72 -0.01 
IS11-04-D2 3b 1.55                 1.55   -1.82   -1.82 -0.27 
IS11-04-D4 3b 1.66           0.13   0.07 1.86   -1.48   -1.48 0.38 
Note: b.d. = below detection limit. 
* Renormalized values after the contribution from Si and O was deducted.  
** molar ratio. 
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Table 5-2 Summary of Fluid Chemistry of the Analyzed Primary FIAs in the T Zone. 
FIA type Related mineralogy 
Bulk chemistry Bright phases on BSE images 
major elements minor elements major elements minor elements 
2a Ti mineral-dominated textures in quartz Na, Cl Ce, Eu, S Ba, S Ti, Ce, Pr 
2b quartz enclosing Kfs-bearing pseudomorphs Na, Cl Mg, Al, K, Ca, S S Ce, Ca, Fe 
3a quartz enclosing bastnäsite-dominated pseudomorphs Na, Cl K Ba, S Sr,  
3b aegirine that has been replaced by hematite + quartz + rutile ± zircon Na, Cl Ce, Eu Si, Th   
 
 
 
 
 
 
 
 
 
 
 
 
  285 
Table 5-3 Results of LA-ICP-MS analysis of fluid inclusions from the T Zone (element concentrations in ppm). 
Sample ID  Fluid inclusion# FIA Type 
Saliity  
(NaCl wt% 
e.q.) 
Na  Li Be Na P K Ca Ti Fe Rb 
NTZ-6 R1-T4 1a 19.9 78186 <26 2 78186 b.d. 5028 1989 b.d. <246 165 
NTZ-6 P38 1a 20.3 79806 507 b.d. 79806 b.d. 18040 <1193 2764 b.d. 390 
NTZ-6 P34 1a 18.3 71948 3896 b.d. 71948 b.d. 46636 b.d. b.d. b.d. 2644 
NTZ-6 P55 1a 23.4 91899 294 b.d. 91899 b.d. 158379 <351 b.d. b.d. 2991 
NTZ-6 P55' 1a 23.4 91899 769 b.d. 91899 b.d. 52497 <351 b.d. b.d. 2442 
NTZ-6 P21 1a 23.5 92410 163 b.d. 92410 b.d. 6876 <1179 b.d. 2467 255 
NTZ-6  B2_PT1-1 1a 19.9 78186 439 b.d. 78186 332 5873 <1182 b.d. <292 129 
NTZ-6  R1_S1 1b 19.9 78186 b.d. b.d. 78186 b.d. 18241 b.d. b.d. b.d. 462 
X21 B4-1 1c 22.4 87974 b.d. 215 87974 b.d. 5131 <709 b.d. <131 b.d. 
84-82-6 B3-2.3 2a 18.7 73591 b.d. b.d. 73591 b.d. b.d. b.d. b.d. b.d. b.d. 
84-82-6 TF7 2a 9.7 38245 b.d. b.d. 38245 b.d. b.d. 3584 b.d. b.d. 17 
84-82-6 P1 2a 13.1 51381 b.d. b.d. 51381 b.d. 7305 b.d. 391 b.d. 356 
84-82-6 P5 2a 4.6 18281 58 55 18281 b.d. 1477 7495 385 b.d. 61 
84-82-6 P3 2a 13.4 52678 b.d. b.d. 52678 b.d. 18234 b.d. b.d. 12788 b.d. 
X22 P14 2b 22.4 87974 82 b.d. 87974 b.d. 18774 <444 b.d. 8086 37 
X22 P15 2b 22.4 87974 b.d. b.d. 87974 b.d. 72422 <288 46 <550 22 
X22 P1 2b 23.8 93425 b.d. b.d. 93425 b.d. 44236 <968 b.d. <3559 b.d. 
X22  T19 2b 22.4 87974 b.d. b.d. 87974 b.d. 6155 31245 164 <193 b.d. 
NTZ-7 F4-T3 3a 24 94752 b.d. b.d. 94752 4852 170934 <458 1040 50428 285 
NTZ-7 F4-T5 3a 24.1 94752 b.d. b.d. 94752 b.d. 10352 <609 2315 18797 b.d. 
NTZ-7  P2 3a 24.1 94752 b.d. b.d. 94752 b.d. 4266 <797 b.d. b.d. b.d. 
84-82-23 P3 3c 25.0 98291 <22 b.d. 98291 b.d. <142 <871 114 <334 <3 
84-82-23 B7-1 A'17 3c 24.7 97111 371 173 97111 b.d. b.d. <775 b.d. b.d. 48 
84-82-23 B7-1 A'18 3c 25.1 98684 b.d. b.d. 98684 b.d. <120 <1022 b.d. b.d. 231 
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Y Zr Nb Sn Ce Nd Sm Eu Gd Dy Er Yb Ta Th  Na/K 
<0 0.9 b.d. b.d. 5.8 3.4 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 9.1 26.4 
7.1 55.4 286.1 b.d. 121.6 95.0 25.8 3.3 22.6 b.d. b.d. b.d. b.d. 2.0 268.2 7.5 
b.d. b.d. 48.3 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.  2.6 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.  1.0 
b.d. b.d. 14.5 124.9 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.  3.0 
1.4 b.d. 0.4 b.d. 10.3 4.6 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.8 14.9 22.8 
b.d. b.d. b.d. b.d. 12.5 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 12.5 22.6 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.  7.3 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.  29.1 
b.d. b.d. b.d. b.d. 8.6 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 8.6  
b.d. b.d. b.d. b.d. 0.8 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.8  
b.d. b.d. 25.2 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.0 11.9 
3.7 5.8 98.7 b.d. 82.1 83.9 8.7 0.7 b.d. b.d. b.d. b.d. 1.1 1.4 175.5 21.0 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.  4.9 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.  7.9 
0.8 b.d. 8.2 b.d. 1.0 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 1.0 2.1 
b.d. b.d. <37.2 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.  3.6 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.  24.2 
41.9 b.d. b.d. b.d. 165.8 214.8 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 380.6 0.9 
b.d. b.d. b.d. b.d. 42.6 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 42.6 15.5 
b.d. b.d. b.d. b.d. 51.7 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 51.7 37.7 
262.6 13.1 b.d. b.d. 13.3 10.6 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 60.7 23.8  
20.4 b.d. 211.9 b.d. 584.0 49.6 19.6 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 653.2  
140.4 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.  
Note: b.d. = below detection limit. Sodium was used as the internal standard for calculating the concentrations of the other elements.
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Table 5-4 Summarization on δ18O and δD values of the polylithionite and quartz from the T Zone. 
Sample ID Mineral Rock Type Related Mineral Assemblage δ18O (‰) (S.D.) δD (‰) Oxygen Isotope Geothermometer Temperature (°C) 
692490 quartz Least altered LIZ Qtz + Mag + Hem  9.1 (0.03)   
692489 quartz Least altered LIZ Qtz + Mag + Hem  8.5 (0.04)   
692488 quartz More altered LIZ Qtz + Mag + Hem + Rt + Ant ± Zrn  11.6 (0.03)   
TZ21 quartz More altered LIZ Qtz + Mag + Hem + Rt + Ant ± Zrn  11.6 (0)   
TH28 quartz quartz-bastnäsite Qtz + Bst + Fl + Cb + Rt ± Zrn  11.8 (0.01)   
TH35 quartz quartz-bastnäsite Qtz + Bst + Fl + Cb + Rt ± Zrn  9.9 (0.01)   
84-82-14 
quartz quartz-polylithionite Qtz + Ply + Rt  10.1 (0.02)  quartz-polylithionite* 
polylithionite quartz-polylithionite Qtz + Ply + Rt  6.6 (0.01) -92 359.7 
90807 
quartz quartz-polylithionite Qtz + Ply + Rt  14.4 (0.01)  quartz-polylithionite* 
polylithionite quartz-polylithionite  Qtz + Ply + Rt  7 (0.02) -99 148.3 
Abbreviation: Ant = anatase, Bst = bastnäsite, Cb = carbonates, Fl = fluorite, Hem = hematite, Mag = magnetite, Ply = polylithionite, Qtz = quartz, Rt = rutile, 
and Zrn = zircon; S.D. = standard deviation. 
* Since no oxygen isotope fractionation factors for quartz-polylithionite have been reported in literature. The oxygen isotope fractionation factor for quartz-
muscovite (Chacko et al., 1996) was used for temperature calculation. See the texts for details. 
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Table 5-5 Summary of physicochemical properties of mineralizing fluids in the T Zone. 
Event 
Related 
 FIA 
type 
Distribution of 
FIA type 
Salinity 
 (NaCl eq. 
wt.%) 
Homogenization  
Temperature 
(°C) 
*Entrapment 
 Temperature 
(°C) 
Geochemical Characteristics 
precipitation of Ti 
oxides in the QP 
unit 
Type 2a 
in Ti-oxide-rich 
domains in 
quartz 
2 - 19 mostly 268 - 332 mostly 544 - 620 
relatively low Na, K and Li; Ca present in 
trace quantities; variable Rb; detected 
HFSE include Zr, Nb, Y, Ta, Ce, Sm, Nd, 
Eu and Be; S and Ba also present. 
replacement of 
Kfs by quartz Type 2b 
defining Kfs-
bearing 
pseudomorphs 
18 - 25 mostly 112 - 180 mostly 200 - 323 
relatively high Na, K and Ca; relatively 
low Li, Rb and Ti; detected HFSE include 
Y, Nb and Ce; S and Ba also present. 
precipitation of 
xenotime and 
thorite in the 
quartz-xenotime-
thorite unit 
Type 3c 
in growth zones 
of quartz 
enclosing 
xenotime and 
thorite 
20 - 26 mostly 138 - 172 mostly 279 - 364 
relatively high Na; K and Ca not detected; 
relatively high Be and Li; relatively low 
Ti; detected HFSE include Y, Zr, Nb, Ce, 
Nd and Sm; have the highest Y 
concentration. 
precipitation of 
zircon in the 
quartz-bastnäsite 
unit 
Type 1a 
within zircon-
dominated 
pseudomorphs 
12 - 24 100 up to 400 mostly 297 - 544 
highly variable Na and K; low Ca and Be; 
relatively high Li and Rb; detected HFSE 
include Y, Zr, Nb, Ce, Sm, Nd, Eu and Gd; 
have the highest Zr concentration. 
precipitation of 
bastnäsite in the 
quartz-bastnäsite 
unit 
Type 1b 
 within 
bastnäsite-
dominated 
pseudomorphs 
17 - 24 84 - 112 210 - 248 moderate Na and K; Ca, Ti, Y, Zr, Nb, Ta and REE are not detected. 
Type 3a 
in growth zones 
of quartz 
associated with 
bastnäsite 
 23 - 25 mostly 124 - 267 mostly 265 - 433 
relatively high Na; highly variable K; 
relatively high Ti and Fe; detected HFSE 
include Y, Ce and Nd; S and Ba also 
present. 
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Type 6 in bastnäsite crystals 4 - 27 mostly 219 - 332 mosty 495 - 610 
no EDS decrepitate and LA-ICP-MS 
analysis. 
precipitation of 
phenakite Type 1c 
within 
phenakite-
dominated 
pseudomorphs 
18 - 25 121 - 150 261 - 302 relatively high Na; low K; have the highest Be; no REE and other HFSE detected. 
* Tt was calculated using pressure value reported by Mumford and Cousens (2012) and calculation software (Steele-MacInnis et al., 2012).  
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Table 5-6 Summary of Ti-in-quartz Temperatures of the rock units in the T Zone. 
Rock Unit Average Ti (ppm) Temperature (°C) Average Temperature (°C) 
Quartz-Bastnäsite 0.817 292-511 362 
More altered  LIZ 0.784 294-522 349 
Quartz-Polylithionite 1.878 379-451 418 
Phenakite Zone 0.519 328-385 354 
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Table 5-7 Calculations of oxygen and hydrogen isotopic compositions of fluids in different T Zone rock units. 
Sample 
ID 
Oxygen Stable Isotope 
Fractionation Factor 
Hydrogen Stable Isotope 
Fractionation Factor Rock Type 
Temperature 
(°C) δ
18O (‰) δD (‰) 
692490 quartz-water (Clayton et al., 1972)   Least altered LIZ 349 3.3  
692489 quartz-water (Clayton et al., 1972)   Least altered LIZ 349 2.7  
692488 quartz-water (Clayton et al., 1972)   More altered LIZ 349 5.8  
TZ21 quartz-water (Clayton et al., 1972)   More altered LIZ 349 5.8  
TH28 quartz-water (Clayton et al., 1972)   quartz-bastnäsite 362 6.3  
TH35 quartz-water (Clayton et al., 1972)   quartz-bastnäsite 362 4.4  
84-82-14 
quartz-water (Clayton et al., 1972)   quartz-polylithionite 418 5.9  
polylithionite-water (O'Neil and 
Taylor, 1996) 
polylithionite-water (Suzuoki 
and Epstein, 1976) quartz-polylithionite 418 5.5 -56 
90807 
quartz-water (Clayton et al., 1972)   quartz-polylithionite 418 10.2  
polylithionite-water (O'Neil and 
Taylor, 1996) 
polylithionite-water (Suzuoki 
and Epstein, 1976) quartz-polylithionite 418 5.9 -63 
Note: Temperature data used for calculated was obtained through Ti-in-quartz geothermometry (see Table 5-6). 
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Chapter 6  
Conclusions 
  
6.1 Overall Achievement 
This study focused on the mobility of HFSE in hydrothermal fluids using multiple 
techniques including field observation and mapping, optical microscopy, SEM-EDS, 
Raman spectroscopy, EPMA, LA-ICP-MS and microthermometry.  
In Chapter 2, through field observation and mapping, the T Zone has been identified as a 
pegmatite that experienced a strong hydrothermal overprint. Petrographic analysis 
combined with field observation has revealed that the T Zone underwent multiple 
alteration stages. Most HFSE minerals are hydrothermal in origin, as indicated by their 
typical occurrence in pseudomorphs. The precipitation of various HFSE minerals relates 
to several different alteration (fluid infiltration) events.  
In Chapter 3, mass transfer calculations using whole-rock geochemical data show 
different HFSE mobilization patterns during the various types of alteration. The 
relationship between HFSE remobilization and alteration events indicates that the fluids 
responsible for the alteration were characterized by different chemistry. 
Chapter 4 predominantly deals with trace element chemistry of the zircon from the T 
Zone, Fluorite Zone and their host rocks. Both Ti-in-Zircon and Ti-in-Quartz 
geothermometers were used to constrain the mineralization temperatures of the T Zone. 
Comparison of zircon chemistry reveals that zircon from the Fluorite Zone is similar to 
some zircon from the T Zone. This suggests that there is likely a genetic link between the 
T Zone and Fluorite Zone. Moreover, the variability in tetrad effects in chondrite-
normalized REE patterns of zircon was likely caused by fluid chemistry. Late-stage Ca 
metasomatism of zircon was associated with precipitation of REE minerals (e.g., 
columbite, xenotime and bastnäsite). 
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Mineralization temperatures of the T Zone were further investigated through a fluid 
inclusion study in Chapter 5. The fluids related to precipitation of various HFSE minerals 
are characterized by different entrapment temperatures and salinities. Sodium and 
chlorine are predominant in the fluids and K is also an important element. Calcium and 
fluorine are mostly present in trace quantities in the fluids. HFSE concentrations in the 
mineralizing fluids from the T Zone are comparable to reported values in previous studies 
(e.g., Banks et al., 1995), and the analyses suggest that Cl was likely to have been the 
predominant complexing agent for HFSE in the fluids. Hydrogen and oxygen stable 
isotopic data indicate that the fluids responsible for polylithionite alteration are likely to 
have been magmatic. 
6.2 Origin of HFSE Mineralization in the T Zone  
The T Zone represents a pegmatite that has experienced strong hydrothermal overprint; 
the elongated crystals defining the pegmatitc texture are likely nepheline crystals. The T 
Zone underwent three main alteration stages in the order from earliest to latest: (I) 
silicification of the principal phases of the pegmatite and the associated replacement of 
igneous aegirine and arfvedsonite by quartz + magnetite + HFSE minerals; (II) 
polylithionite alteration (Li metasomatism) that caused pervasive replacement of albite by 
polylithionite; and (III) phenakite alteration (Be metasomatism). 
Most HFSE minerals were hydrothermally formed and intimately related to replacement 
processes in the T Zone, as indicated by their presence in pseudomorphs. HFSE-rich and 
Be-rich pseudomorphs can be broadly classified into seven types. EDS and LA-ICP-MS 
analyses reveal that the bulk compositions of the HFSE-rich pseudomorphs with 
morphologies similar to eudialyte or elpidite are different from the composition of 
eudialyte or elpidite. Instead, aegirine and mica-group minerals are likely the precursors 
of the pseudomorphs. Considering that aegirine and mica-group minerals are not HFSE-
rich, this indicates that HFSE were added to the pseudomorphs during fluid-mineral 
interaction. An open space-filling process may have been involved in the precipitation of 
HFSE minerals, including zircon, rutile, anatase and bastnäsite-group minerals. Initial 
replacement of aegirine by quartz + magnetite increased porosity in the T Zone rocks, 
which could have facilitated HFSE precipitation. 
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Although a precipitation model for HFSE involving fluorite precipitation (Salvi and 
Williams-Jones 1996, 2005, 2006, Williams-Jones et al. 2000, Salvi et al., 2000) can be 
applied to some deposits (e.g, the Strange Lake REE deposit), our study has demonstrated 
that most hydrothermal zircon shows no association with fluorite and that the fluorite in 
REE-rich pseudomorphs commonly postdates the REE minerals (e.g, bastnäsite-group 
minerals). This observation indicates that HFSE precipitation in the T Zone requires a 
model that does not rely on the mixing of HFSE-F-bearing fluids with Ca-rich fluids. 
6.3 Whole-rock Geochemistry and Mass Transfer Calculations 
Mass transfer calculations show that HFSE were added or removed during different 
alteration events that affected the T Zone and its host rocks. Geochemical twins such as 
Zr-Hf, Nb-Ta and Y-Ho were decoupled to various extents during most alteration events. 
Also, LREE, MREE and HREE showed different behaviour during alteration.  
The gain/loss patterns for HFSE during various alteration types are complicated. 
Significant LREE were removed, whereas Ti, Nb, Ta, Zr, Hf, MREE and HREE were 
added during the alteration stage in which the least altered LIZ was converted to the more 
altered LIZ; during polylithionite alteration of the LIZ, Ti, Be, Nb, Ta, Zr, Hf, and HREE 
were removed; and during the phenakite alteration stage of the LIZ and QP unit, Be was 
consistently gained while Ti removed. Related to the identified alteration events, the 
remobilization patterns of HFSE reveal that the transport and precipitation of HFSE in 
the T Zone was likely caused by fluids with different characteristics. 
6.4 Zircon Chemistry, Ti-in-zircon and Ti-in-quartz Geothermometry 
Petrographic analysis and BSE and CL imaging show that magmatic zircon in the Thor 
Lake Syenite and Grace Lake Granite differs from hydrothermal zircon in the T Zone in 
terms of morphology, grain size and internal textures. Magmatic and hydrothermal zircon 
are characterized by different REE chemistry. The pronounced positive Ce anomaly and 
relatively low total REE concentrations distinguish magmatic zircon from hydrothermal 
zircon, which is consistent with the observations made by other authors (e.g., Hoskin et 
al., 2003). 
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Titanium-in-zircon geothermometry reveals that the crystallization temperature for the 
magmatic zircon in the syenite and granite is in the range 792 - 1195 °C. However, Ti in 
hydrothermal zircon is high and yields unreasonably high temperatures using the 
titanium-in-zircon geothermometer proposed by Ferry and Watson (2007). This indicates 
either that the assumptions regarding Ti activity are invalid in hydrothermal systems or 
that the substitution of Ti into zircon in hydrothermal environments is different from 
igneous environments. 
A late Ca-metasomatism was recorded by the hydrothermal zircon in the T Zone and the 
Fluorite Zone. This Ca-metasomatism was related with precipitation of the REE in the T 
Zone and the “fluorite precipitation” model proposed by Williams-Jones et al.( 2000) 
may be applicable to the late-stage REE precipitation in the T Zone. 
6.5 Fluid Inclusion Study and Hydrogen-Oxygen Stable Isotopic Study 
Microthermometry indicates that there are generally two populations of fluids. One 
population (including fluids trapped in quartz that are related to precipitation of zircon, 
bastnäsite, phenakite, xenotime and thorite and replacement of K-feldspar by quartz) is 
characterized by relatively low homogenization temperatures but moderate salinities, 
whereas, the other (including the fluid trapped in quartz related to precipitation of Ti 
oxides in the QP unit and fluid trapped in bastnäsite) is characterized by relatively high 
homogenization temperatures but low salinities. Our study shows that the fluids 
responsible for HFSE transport in the T Zone contain significant HFSE, are aqueous and 
dominated by Na and Cl with trace amounts of CO2 and CH4, which differs from Taylor 
and Pollard (1996) who concluded that the fluids related to mineralization in the T Zone 
were CO2-rich. The two populations of fluids are characterized by different chemistry. 
The low-temperature fluids are relatively enriched in Be, Li, Zr, Y and LREE compared 
to the high temperature fluids.  
The fluids related to the main alteration events and HFSE precipitation were dominated 
by Na and Cl and lack of Ca and F. This suggests that the “fluorite precipitation” 
hypothesis proposed by Williams-Jones et al. (2000) may not be applicable to the HFSE 
mineralization in the T Zone, especially the precipitation of zircon that shows no affinity 
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with fluorite. Moreover, REE are present in the hydrothermal fluids responsible for the 
REE and Be mineralization in the T Zone. 
Oxygen isotope geothermometry suggests the temperature of 379 to 451 °C (obtained 
through Ti-in-quartz geothermometry) is likely a reasonable crystallization temperature 
for the QP unit. In addition, the fluid that caused extensive polylithionite alteration in the 
LIZ was likely magmatic water. 
6.6 Future Work 
This dissertation serves as a basis for further studies. For future studies, the following 
aspects of the T Zone rare-element deposit need to be investigated: 
(1) Potential sources for HFSE in the T Zone deposit need to be further explored. This 
study proves that HFSE mineralization in the T Zone was formed through hydrothermal 
processes and that HFSE were not simply redistributed but added to the system. 
Nevertheless, the potential sources have not been identified.  
(2) The genetic link between the T Zone and Nechalacho deposit needs further study. 
Zircon from the T Zone and Nechalacho deposit is characterized by different chemistry, 
which indicates that the Zr mineralization in the two deposits was formed through 
different processes. However, this does not disprove that the two deposits have a genetic 
link. Thus, future studies are needed to address this scientific question. 
(3) Our study demonstrates that Ti-in-Zircon geothermometry has limitations and may 
need further calibration when applied to hydrothermal zircon from the T Zone and other 
deposits (cf., Fu et al., 2009). The fundamental reason why hydrothermal zircon contains 
extremely high Ti concentrations is still not clear. Thus, the zircon from Thor Lake 
provides an excellent opportunity to study Ti in hydrothermal zircon. 
(4) Although the fluid chemistry has been analyzed using LA-ICP-MS analysis of fluid 
inclusions, the concentrations of gas species and anions (except chlorine) have not been 
directly and quantitatively determined. Therefore, gas chromatography and ion 
chromatography may be needed for further investigation on the mineralizing fluids in the 
T Zone. 
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Appendix 1 Chemical compositions of HFSE minerals in pseudomorphs in Figure 2.14 of 
Chapter 2.  
 PSM1 PSM1 PSM1-PSM3* PSM4 PSM5 PSM5, PSM17 PSM6 
pseudomorph type 2 2 2 1 1 1 1 
Average wt% Zrn Prt Bst Bst Zrn Clb Zrn 
Na 0.43 0.12 0.22 b.d. b.d. b.d. 0.35 
Fe 1.03 3.15 0.25 b.d. b.d. 13.62 b.d. 
Al 0.60 b.d. b.d. b.d. b.d. b.d. 0.56 
K b.d. b.d. 0.13 b.d. b.d. b.d. b.d. 
Ca 0.32 5.25 0.20 b.d. b.d. 0.19 0.43 
Ti b.d. 0.05 0.18 b.d. b.d. b.d. b.d. 
Si 15.25 0.23 0.18 b.d. 16.47 b.d. 16.51 
Zr 46.17 0.00 0.23 0.11 45.00 2.12 46.16 
Hf b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Nb 2.14 b.d. 0.25 b.d. b.d. 49.13 b.d. 
Ta b.d. b.d. b.d. b.d. b.d. 1.11 b.d. 
Y 0.34 0.36 0.26 b.d. 3.29 2.14 2.86 
P 0.79 0.12 0.00 b.d. b.d. b.d. b.d. 
La b.l.d 8.63 12.18 13.28 b.d. 1.11 b.d. 
Ce b.l.d 20.36 24.10 23.61 b.d. 1.13 b.d. 
Pr b.l.d 1.68 2.38 b.d. b.d. 0.49 b.d. 
Nd b.l.d 8.66 9.11 11.64 b.d. 0.46 b.d. 
Sm b.l.d 1.16 0.94 2.73 b.d. 0.73 b.d. 
Eu b.l.d 0.46 0.56 2.66 b.d. 2.80 b.d. 
Gd b.l.d 0.81 0.83 1.32 1.84 1.48 b.d. 
Tb 0.75 b.d. 0.32 1.25 b.d. b.d. b.d. 
Dy 0.55 b.d. 0.41 0.21 b.d. 0.56 b.d. 
Ho b.l.d b.d. b.d. b.d. b.d. b.d. b.d. 
Er b.l.d b.d. 0.23 b.d. b.d. b.d. b.d. 
Tm b.l.d 1.35 1.31 b.d. 1.57 b.d. b.d. 
Yb 0.24 0.26 0.52 b.d. 2.69 0.58 b.d. 
Lu b.l.d 1.67 1.08 b.d. b.d. b.d. b.d. 
Pb b.l.d 0.12 0.40 b.d. b.d. b.d. b.d. 
Th b.l.d 0.00 0.74 1.49 b.d. b.d. b.d. 
U b.l.d 0.00 0.41 b.d. 0.63 b.d. b.d. 
O 31.13 19.84 16.06 18.57 28.52 20.41 32.10 
S b.d. 0.04 0.00 b.d. b.d. b.d. b.d. 
C b.d. 20.72 19.41 15.05 b.d. b.d. b.d. 
Cl b.d. 0.32 0.14 b.d. b.d. b.d. b.d. 
F 0.25 4.62 6.97 6.43 b.d. 1.99 b.d. 
 1.54 45.04 53.97 56.70 6.10 9.31 0.00 
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cont. 
PSM7-PSM8** PSM9 PSM9 PSM9 PSM10 PSM11 PSM12 PSM12 
1 2 2 1 1 1 1 1 
Zrn Zrn Bst Py Zrn Zrn Zrn Ant 
0.20 0.31 0.28 0.48 0.20 b.d. 0.30 b.d. 
0.71 b.d. 0.48 36.94 0.71 b.d. 2.02 b.d. 
0.31 0.23 0.10 b.d. 0.31 b.d. 0.22 b.d. 
b.d. b.d. 0.10 b.d. b.d. b.d. b.d. b.d. 
0.42 b.d. 0.42 b.d. 0.42 b.d. 0.35 b.d. 
0.58 b.d. 0.29 b.d. 0.58 b.d. 0.26 56.87 
17.60 16.45 0.17 0.16 17.60 16.47 12.95 b.d. 
47.46 44.26 0.19 b.d. 47.46 45.00 34.44 b.d. 
2.17 b.d. b.d. b.d. 2.17 b.d. b.d. b.d. 
b.d. 1.34 0.17 2.85 b.d. b.d. 2.30 7.23 
b.d. 0.00 0.00 b.d. b.d. b.d. 0.63 b.d. 
0.00 2.87 0.29 b.d. b.d. 3.29 9.14 b.d. 
1.00 1.03 0.00 0.16 1.00 b.d. 2.00 b.d. 
0.34 b.d. 11.12 b.d. 0.34 b.d. b.d. b.d. 
b.d. b.d. 22.80 0.41 b.d. b.d. b.d. b.d. 
b.d. b.d. 2.62 b.d. b.d. b.d. b.d. b.d. 
b.d. b.d. 10.35 1.23 b.d. b.d. b.d. b.d. 
b.d. b.d. 1.36 0.86 b.d. b.d. b.d. b.d. 
0.99 b.d. 0.51 b.d. 0.99 b.d. b.d. b.d. 
b.d. b.d. 1.62 b.d. b.d. 1.84 b.d. b.d. 
0.14 b.d. 0.68 b.d. 0.14 b.d. b.d. b.d. 
0.00 0.48 0.64 1.42 b.d. b.d. b.d. b.d. 
0.39 b.d. b.d. b.d. 0.39 b.d. b.d. b.d. 
0.38 b.d. 0.39 0.39 0.38 b.d. 0.20 b.d. 
b.d. b.d. 0.70 0.80 b.d. 1.57 0.34 b.d. 
0.19 2.38 0.00 0.67 0.19 2.69 b.d. b.d. 
0.51 1.18 2.03 1.13 0.51 b.d. b.d. b.d. 
b.d. b.d. 0.26 6.84 b.d. b.d. b.d. b.d. 
1.41 b.d. 0.77 b.d. 1.41 b.d. b.d. b.d. 
0.24 b.d. 0.34 b.d. 0.24 0.63 b.d. b.d. 
24.30 28.51 16.11 2.87 24.30 28.52 34.09 35.90 
b.d. b.d. b.d. 40.42 b.d. b.d. b.d. b.d. 
b.d. b.d. 18.61 b.d. b.d. b.d. b.d. b.d. 
b.d. 0.00 0.12 b.d. b.d. b.d. b.d. b.d. 
0.37 0.97 6.49 2.38 0.37 b.d. 0.52 b.d. 
2.94 4.04 54.82 6.91 2.94 6.10 0.54 0.00 
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cont. 
PSM12 PSM13 PSM13 PSM14 PSM15 PSM15 PSM16 PSM16 
1 1 1 1 1 1 1 1 
Xnt Zrn Rt Rt Rt Zrn Zrn Mnz 
b.d. 0.46 0.06 b.d. b.d. b.d. b.d. b.d. 
b.d. b.d. b.d. 3.16 4.36 b.d. b.d. b.d. 
b.d. 0.74 b.d. b.d. b.d. b.d. b.d. b.d. 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
b.d. b.d. b.d. b.d. b.d. 0.54 0.87 b.d. 
2.83 b.d. 57.26 55.90 51.67 b.d. b.d. b.d. 
1.56 16.41 0.57 b.d. b.d. 16.06 15.14 b.d. 
b.d. 39.26 1.33 0.32 b.d. 47.59 46.45 b.d. 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
b.d. 2.49 3.25 5.12 8.26 b.d. b.d. b.d. 
b.d. b.d. 2.08 b.d. b.d. b.d. b.d. b.d. 
45.79 5.83 0.45 b.d. b.d. 4.58 2.70 b.d. 
13.93 1.99 b.d. b.d. b.d. b.d. b.d. 14.77 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. 10.85 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. 33.80 
0.42 b.d. b.d. b.d. b.d. b.d. b.d. 3.17 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. 12.36 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
2.32 b.d. 0.85 b.d. b.d. b.d. b.d. b.d. 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
b.d. b.d. 0.64 b.d. b.d. b.d. 1.58 b.d. 
b.d. b.d. b.d. b.d. b.d. b.d. 0.29 b.d. 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
1.51 b.d. b.d. b.d. b.d. 0.65 b.d. b.d. 
b.d. b.d. b.d. b.d. b.d. 0.29 b.d. b.d. 
31.51 33.21 36.95 35.50 34.72 30.28 32.97 25.05 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
2.74 0.00 1.49 0.00 0.00 0.00 1.87 60.18 
Note: b.d. = below detection limit; PSM = pseudomorph; Zrn = zircon; Prt = parisite;  
Bst = bastnasite; Clb = columbite; Fl = fluorite; Ant = anatase; Rt = rutile; Xnt = xenotime; Py = pyrite;  
Mnz = monazite and Qtz = quartz. 
* average element concentrations for bastnäsite in PSM1, PSM2 and PSM 3 because PSM1, PSM2 and PSM3 show  
consistent chemistry and from the same sample.         
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Appendix 2 Calculated Bulk Chemistry of the typical pseudomorphs in the T Zone. 
  Eudialyte PSM1 PSM2 PSM3 PSM4 PSM5 PSM6 PSM7 PSM8 
  1b 1a 1b 1a 2 2 2 2 
in wt%          
Si 21.82 6.98 10.12 5.12 20.02 34.49 43.08 37.61 35.19 
Zr 7.94 0.88 0.18 0.2 0.06 17.3 5.6 14.88 18.82 
Ti - 0.14 0.14 0.16 - - - 0.18 0.23 
Hf 0.26 - - - - - - 0.68 0.86 
Y 1.72 0.24 0.2 0.23 - 1.29 0.35 - - 
Nb 2.71 0.22 0.19 0.22 - 0.67 - - - 
Ta - - - - - 0.02 - - - 
P - - - - - - - 0.31 0.4 
Fe - 0.54 0.19 0.22 - 0.19 - 0.22 0.28 
Mn 4.97 - - - - - - - - 
Mg - - - - - - - - - 
Al - 0.01 - - - - 0.07 0.1 0.12 
Na 8.15 0.18 0.17 0.19 - - 0.04 0.06 0.08 
K 0.38 0.1 0.1 0.11 - - - - - 
Ca 6.55 0.73 1.24 1.47 - - 0.05 0.13 0.17 
La 1.14 9.89 9.32 10.58 7.59 0.02 - 0.11 0.13 
Ce 1.59 19.93 18.44 20.93 13.5 0.02 - - - 
Pr 0.17 1.93 1.82 2.07 -. 0.01 - - - 
Nd 0.64 7.64 6.97 7.91 6.66 0.01 - - - 
Sm 0.13 0.82 0.72 0.82 1.56 0.01 - - - 
Eu - 0.46 0.43 0.49 1.52 0.04 - 0.31 0.39 
Gd 0.35 0.7 0.64 0.72 0.75 0.73 - - - 
Tb - 0.25 0.24 0.28 0.71 - - 0.04 0.06 
Dy 0.32 0.31 0.31 0.36 0.12 0.01 - - - 
Er 0.17 0.17 0.18 0.2 - - - 0.12 0.15 
Ho - - - - - - - 0.12 0.15 
Tm - 1.11 1 1.14 - 0.6 - - - 
Yb 0.11 0.41 0.4 0.45 - 1.04 - 0.06 0.08 
Lu - 0.98 0.83 0.94 - - - 0.16 0.2 
Th - 0.54 0.57 0.64 0.85 - - 0.44 0.56 
U - 0.3 0.31 0.36 - 0.24 - 0.08 0.1 
Pb - 0.31 0.31 0.35 - - - - - 
C - 16.52 14.85 16.86 8.6 - - - - 
O 37.06 21.95 23.67 19.6 33.42 43.32 50.69 44.18 41.77 
F 0.21 5.63 6.42 7.28 3.67 0.03 - 0.12 0.15 
S - 0.004 - - - - - - - 
Cl - 0.14 0.11 0.12 - - - - - 
Total 96.4 100 100.06 100 99.04 100 99.88 99.91 99.88 
 4.62 44.59 41.3 46.87 32.41 2.47 - 0.92 1.17 
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cont. 
PSM9 PSM10 PSM11 PSM12 PSM13 PSM14 PSM15 PSM16 PSM17 
1b 2 2 5 2 5 5 6 7 
         
20.32 32.22 38.19 32.57 40.25 45.7 28.02 34.03 22.06 
6.75 23.64 12.71 2.5 2.8 0.01 0.77 0.58 1.12 
0.12 0.29 - 14.24 3.85 1.25 20.16 - - 
- 1.08 - - - - - - - 
0.56 - 0.93 0.69 0.43 - 0.07 0.03 1.13 
0.37 - - 1.98 0.39 0.11 3.22 - 25.94 
0 - - 0.05 0.14 - - - 0.59 
0.16 0.5 - 0.15 0.14 - - 3.89 - 
1.38 0.35 - 0.15 - 0.07 1.7 - 7.19 
- - - - - - - - - 
- - - - - - - - - 
0.08 0.15 - 0.02 0.05 - - - - 
0.18 0.1 - 0.02 0.04 - - - - 
0.04 - - - - - - - - 
0.58 0.21 - 0.03 1.42 - 0.01 0.01 0.1 
4.78 0.17 - - - - - 2.86 0.59 
9.81 - - - - - - 8.91 0.59 
1.13 - - - - - - 0.84 0.26 
4.49 - - - - - - 3.26 0.24 
0.61 - - - - - - - 0.38 
0.22 0.49 - - - - - - 1.48 
0.7 - 0.52 - - - - - 0.78 
0.29 0.07 - - - - - - - 
0.39 - - - 0.06 - - - 0.29 
0.18 0.19 - 0.01 - - - - - 
- 0.19 - - - - - - - 
0.33 - 0.44 0.02 0.04 - - 0.02 - 
0.38 0.09 0.76 - - - - - 0.3 
1.09 0.25 - - - - - - - 
0.33 0.7 - - - - 0.01 - - 
0.15 0.12 0.18 - - - - - - 
0.33 - - - - - - - - 
8 - - - - - - - - 
31.55 38.83 46.27 47.51 49.3 52.86 45.66 45.57 35.91 
3.39 0.18 - 0.04 1.34 - - - 1.05 
1.29 - - - - - - - - 
0.05 - - - - - - - - 
100.01 99.86 100 99.98 100.26 100 99.61 100 100 
24.4 1.46 1.72 0.04 0.1 - - 15.88 4.92 
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Note: Analyses are reported in wt%. The concentration data of eudialyte in the Thor Lake rare-metal 
deposit is cited from Sheard et al. 2012.  “-” = no calculated concentration values due to no data obtained 
through EDS analysis. 
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Appendix 3 Results of mass transfer calculations for the T Zone and host granite during 
alteration of various types. 
  Least altered LIZ to More Altered LIZ polylithionite alteration of the LIZ 
 Elements  2011-T-16 2011-T-29 2011-T-17 2011-T-18 692487 692488 IS-11-04 
SiO2 0.00 -0.05 0.02 -0.01 -0.15 0.19 0.13 
Al2O3 -0.73 -0.70 0.93 1.23 3.32 0.71 -0.45 
Fe2O3 1.28 1.59 -0.28 -0.29 -0.42 -0.34 -0.33 
CaO 13.24 15.80 -0.69 -0.90 -0.83 -0.72 -0.54 
MgO 0.23 0.72 -0.57 -0.07 1.30 -0.22 -0.57 
Na2O -0.95 -0.95 8.64 -0.55 -0.18 -0.80 -0.47 
K2O -0.43 -0.35 1.10 1.68 4.14 1.04 -0.35 
TiO2 12.91 13.11 -0.35 -0.18 -0.07 -0.28 -0.47 
MnO -0.03 0.07 0.19 -0.51 -0.47 -0.42 0.25 
P2O5 -0.73 -0.46 -0.33 1.64  0.49 2.26 
Ba 1.66 1.62 2.91 -0.28 0.61 -0.29 4.55 
Rb 0.11 0.37 2.70 4.20 12.28 3.06 0.00 
Sr 2.96 3.34 -0.67 -0.69 -0.73 -0.32 -0.49 
Li 8.39 10.51 10.41 14.56 29.65 11.09 2.32 
Cs 0.39 0.48 2.63 4.50 11.78 1.96 -0.32 
Ga -0.85 -0.83 0.64 0.26 1.04 0.08 -0.28 
Co -0.64 -0.64 -0.45 -0.19 1.01 0.11 -0.55 
Cr 18.98 16.84 -0.05 -0.44  -0.96 -0.96 
Zn 1.29 1.26 2.47 -0.20 0.62 -0.39 0.42 
Sn 1.63 1.63 -0.40 -0.06 0.13 -0.28 -0.50 
Be 2.14 3.60 -0.47 -0.79 -0.71 -0.58 -0.47 
Nb 0.16 0.15 -0.33 -0.25 -0.42 -0.36 -0.44 
Ta 0.35 0.49 -0.47 -0.40 -0.48 -0.41 -0.49 
Hf 2.31 2.50 -0.29 0.07 -0.34 -0.22 -0.37 
Zr 7.79 8.33 -0.59 -0.43 -0.73 -0.54 -0.61 
La -0.72 -0.38 0.39 -0.22 -0.73 5.12 3.55 
Ce -0.69 -0.35 0.26 -0.20 -0.70 4.38 2.99 
Pr -0.69 -0.28 0.25 -0.11 -0.70 4.65 2.85 
Nd -0.64 -0.21 0.20 -0.07 -0.70 5.43 2.77 
Sm -0.34 0.02 0.01 -0.14 -0.67 4.34 2.51 
Eu 0.00 0.24 -0.40 -0.47 -0.71 1.76 1.05 
Gd 0.14 0.30 -0.56 -0.58 -0.74 0.55 0.57 
Tb 0.43 0.58 -0.75 -0.75 -0.84 -0.57 -0.43 
Dy 0.64 0.70 -0.80 -0.79 -0.87 -0.79 -0.61 
Ho 0.60 0.71 -0.79 -0.78 -0.87 -0.83 -0.68 
Er 0.60 0.69 -0.80 -0.79 -0.88 -0.85 -0.71 
Tm 0.77 0.84 -0.77 -0.74 -0.91 -0.83 -0.72 
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Yb 1.83 1.97 -0.68 -0.61 -0.86 -0.68 -0.65 
Lu 4.99 4.83 -0.65 -0.54 -0.85 -0.61 -0.62 
Y 0.59 0.79 -0.41 -0.44 -0.64 -0.59 -0.12 
Th 0.05 0.17 -0.77 -0.79 -0.91 -0.48 -0.03 
U -0.57 -0.40 -0.49 -0.49 -0.15 -0.66 -0.59 
Pb - - -0.04 -0.27 - -0.41 -0.07 
W 1.68 1.68 -0.19 0.19 0.61 -0.11 -0.41 
 
 
cont. 
 
phenakite alteration of the LIZ phenakite alteration of the QP unit 
 2011-T-20 2011-T-21 TZ23 2011-T-22 2011-T-25 2011-T-30 692479 692482 
SiO2 0.13 0.15 0.03 0.02 -0.05 0.01 0.16 0.44 
Al2O3 -0.12 -0.82 0.18 -0.44 -0.46 -0.45 -0.24 -0.70 
Fe2O3 -0.23 0.14 0.01 2.08 5.01 2.04 -0.66 -0.72 
CaO 10.89 3.25 3.84 4.49 3.60 4.86 0.41 -0.29 
MgO 0.08 -0.02 -0.32 -0.04 2.51 -0.08 -0.58 -0.81 
Na2O -0.63 -0.98 -0.52 0.45 -0.34 0.45 0.32 -0.45 
K2O -0.34 -0.87 0.08 -0.62 -0.59 -0.60 -0.30 -0.70 
TiO2 -0.39 -0.33 -0.11 -0.41 0.01 -0.43 -0.32 -0.72 
MnO 0.41 -0.12 1.53 -0.35 1.97 -0.20 -0.78 -0.59 
P2O5 -0.16 -0.21 - - 0.32 3.50 - 1.19 
Ba 2.02 -0.71 0.21 15.32 5.99 20.09 1.43 -0.70 
Rb -0.72 -0.91 -0.52 -0.90 -0.84 -0.89 -0.43 -0.71 
Sr 7.43 0.89 3.86 15.27 8.44 19.15 1.06 0.18 
Li -0.92 -0.98 -0.63 -0.98 -0.98 -0.98 -0.44 -0.68 
Cs -0.37 -0.76 -0.65 -0.62 -0.18 -0.56 -0.44 -0.78 
Ga -0.39 -0.58 0.61 -0.52 -0.28 -0.39 -0.56 -0.75 
Co 0.87 -0.04 -0.43 1.80 6.38 2.30 0.02 -0.32 
Cr -0.58 -0.56 -0.95 0.40 -0.01 0.49 -0.91 -0.90 
Zn -0.76 -0.91 -0.74 -0.92 -0.81 -0.91 -0.68 -0.72 
Sn -0.40 0.08 -0.25 0.89 1.90 1.36 -0.93 - 
Be 199.38 131.82 26.70 36.81 44.59 45.03 27.61 77.85 
Nb -0.08 0.25 0.42 0.14 0.90 0.48 -0.12 -0.76 
Ta -0.24 0.28 0.38 -0.09 1.01 0.19 0.25 -0.98 
Hf -0.69 -0.26 -0.13 -0.22 1.49 -0.06 - - 
Zr -0.49 -0.21 0.76 0.45 2.12 0.66 -0.89 -0.92 
La 2.16 0.05 1.22 0.29 2.74 1.87 -0.46 -0.97 
Ce 2.28 0.06 1.17 0.23 2.51 1.63 -0.44 -0.97 
Pr 2.48 -0.03 1.27 0.14 2.68 1.55 -0.45 -0.97 
Nd 2.73 -0.10 1.36 -0.04 2.81 1.28 -0.47 -0.97 
Sm 2.11 0.04 2.37 -0.30 3.33 0.38 -0.47 -0.96 
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Eu 1.10 0.57 3.42 -0.23 4.53 0.23 -0.42 -0.90 
Gd 0.71 1.00 6.38 -0.62 5.00 -0.33 -0.42 -0.88 
Tb 0.04 1.91 9.36 -0.61 6.26 -0.42 -0.49 -0.83 
Dy -0.01 2.06 10.30 -0.55 7.07 -0.34 -0.52 -0.79 
Ho 0.19 1.89 8.92 -0.43 7.52 -0.14 -0.54 -0.79 
Er 0.69 1.93 8.61 0.01 8.21 0.35 -0.56 -0.77 
Tm 1.35 1.81 6.48 1.90 13.21 2.86 - - 
Yb 0.73 0.74 3.02 2.11 8.20 2.79 -0.71 -0.83 
Lu 0.11 0.34 1.81 1.98 5.76 2.69 -0.73 -0.80 
Y -0.54 0.14 2.30 -0.73 3.44 -0.62 -0.49 -0.68 
Th 2.06 2.66 17.15 2.47 47.94 4.24 -0.46 -0.89 
U -0.36 0.35 1.10 0.05 0.55 0.79 2.03 -0.78 
Pb - - -0.24 - - - - - 
W 0.05 0.15 -0.16 -0.08 0.35 0.18 -0.33 -0.70 
 
cont. 
Bt-Chl alteration*  Fluorite alteration*  Silicifi-cation*  
 2011-
T-5 
2011-
T-6 
2011-
T-7 
2011-
T-11 
2011-
T-8 
2011-
T-9 
2011-
T-12 
2011-
T-13 
2011-
T-14 
2011-
T-10 
SiO2 0.30 -0.11 -0.12 -0.10 0.06 -0.31 0.15 0.01 -0.17 0.28 
Al2O3 0.41 -0.20 -0.01 -0.04 0.09 -0.47 -0.94 -0.01 -0.45 -0.70 
Fe2O3 0.87 1.33 2.22 1.05 0.24 0.90 3.57 -0.60 1.40 -0.89 
CaO 2.87 -0.87 4.13 1.06 2.27 7.43 2.47 2.09 2.10 -0.80 
MgO 0.66 1.14 2.67 2.05 0.57 1.60 -0.04 -0.16 2.54 -0.84 
Na2O -0.46 -0.62 0.79 0.47 0.16 -0.95 -0.99 -0.93 -0.99 -0.04 
K2O 1.03 -0.01 -0.43 -0.33 -0.20 -0.19 -0.94 0.56 -0.01 -0.83 
TiO2 0.96 1.04 2.61 -0.22 -0.48 -0.60 0.75 -0.29 1.39 -0.75 
MnO 2.13 0.65 13.63 3.47 -0.75 2.37 0.91 -0.42 4.20 -0.87 
P2O5 - - - - -0.95 -0.64 -0.84 - -0.81 -0.81 
Ba 0.76 0.16 1.85 0.38 3.91 1.09 -0.56 0.07 0.79 -0.62 
Rb 1.36 0.59 -0.11 -0.10 0.61 0.80 -0.88 3.19 3.49 -0.87 
Sr 0.36 -0.72 3.82 0.34 1.06 1.92 0.95 1.66 0.81 -0.73 
Li 8.24 1.64 25.36 6.05 0.54 5.21 -0.79 65.39 31.62 -0.93 
Cs 2.26 8.94 4.69 3.04 0.80 0.56 -0.69 0.41 4.40 -0.90 
Ga 1.48 0.00 -0.21 -0.14 3.83 0.34 -0.03 2.68 0.67 -0.73 
Co -0.24 2.42 3.92 2.06 1.11 2.20 -0.20 1.64 0.18 -0.78 
Cr -0.26 -0.56 -0.55 -0.57 0.13 -0.48 3.89 -0.32 -0.44 1.73 
Zn 0.48 0.52 0.85 0.46 0.51 5.02 0.39 3.76 5.93 -0.17 
Sn -0.07 1.35 0.44 0.75 3.72 7.59 6.13 3.68 18.67 -0.87 
Be 4.45 1.36 -0.17 -0.51 -0.77 -0.19 -0.71 49.70 0.66 -0.56 
Nb 1.09 1.12 -0.07 0.05 12.80 4.77 32.05 8.25 8.16 -0.90 
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Ta 0.03 0.14 0.31 0.16 2.51 -0.04 14.72 0.56 2.18 -0.95 
Hf -0.06 -0.28 0.24 0.95 -0.65 -0.77 0.56 -0.90 -0.03 -0.74 
Zr 0.20 -0.26 0.31 1.15 -0.69 -0.48 0.23 -0.86 0.43 -0.71 
La 1.18 2.24 3.10 4.69 0.03 11.93 0.04 13.04 4.64 -0.56 
Ce 1.01 2.21 3.20 4.41 -0.01 11.89 0.14 11.97 4.31 -0.55 
Pr 0.94 2.11 3.19 4.08 -0.19 10.76 -0.08 10.74 3.86 -0.54 
Nd 0.67 1.63 2.70 3.12 -0.35 9.65 -0.30 9.37 3.38 -0.51 
Sm 0.44 1.28 1.87 2.09 -0.34 8.34 -0.51 6.97 2.48 -0.48 
Eu 0.41 1.36 1.77 1.68 -0.09 4.88 -0.67 3.53 1.19 -0.51 
Gd 0.33 1.46 0.79 0.67 -0.08 3.09 -0.73 2.81 0.93 -0.43 
Tb 0.32 1.60 0.11 0.06 -0.04 0.60 -0.74 0.39 -0.03 -0.57 
Dy 0.17 1.20 -0.18 -0.21 -0.13 -0.17 -0.77 -0.47 -0.45 -0.70 
Ho 0.24 1.06 -0.22 -0.19 -0.22 -0.40 -0.79 -0.72 -0.64 -0.79 
Er 0.24 0.83 -0.24 -0.17 -0.32 -0.57 -0.78 -0.90 -0.74 -0.87 
Tm 0.31 0.80 -0.20 -0.09 -0.42 -0.46 -0.61 -0.87 -0.60 -0.85 
Yb 0.39 0.86 -0.27 -0.14 -0.52 -0.20 -0.50 -0.89 -0.46 -0.86 
Lu 0.52 0.99 -0.40 -0.31 -0.63 -0.12 -0.45 -0.90 -0.30 -0.81 
Y 0.38 0.70 -0.36 -0.37 -0.19 -0.13 -0.82 -0.77 -0.71 -0.84 
Th 0.12 1.30 -0.78 -0.37 2.72 3.62 0.29 3.59 0.73 -0.87 
U 0.36 -0.32 0.42 3.70 28.40 10.42 120.95 42.94 17.18 -0.97 
Pb 0.04 - -0.32 -0.21 4.58 1.13 7.63 3.47 - -0.77 
W -0.30 -0.44 1.28 -0.58 0.09 0.56 2.53 0.52 1.03 -0.85 
Note: The calculated results are expressed in the change in concentrations relative to the concentrations 
prior to alteration, namely, ΔCi/CiO. ΔCi/CiO = (MA/MO)(CiA/CiO) -1. MA and MO stand for the mass after 
alteration and mass before alteration; CiA and CiO represent the concentration of element i in the altered 
rock and unaltered rock, respectively; ΔCi is the change in concentration of element “i” (Grant, 2005). 
Positive values represent gain of elements while negative values loss of elements.  
* Alteration of the host granite.  
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Appendix 4 EMPA analysis of zircon from the host rocks (element concentrations in wt. 
%). 
Point# Sample Rock Type Domain Si P Ti Ca Y Zr 
1 T38-Z1 syenite unaltered 14.7144 0.1828 0.0025 0.0298 0.0085 47.0733 
2 T38-Z1 syenite unaltered 14.3931 0.1889 b.d. 0.1552 0.0651 46.4543 
3 T38-Z1 syenite altered 14.089 0.1959 0.0411 0.7826 0.4627 43.994 
4 T38-Z1 syenite altered 12.151 0.1825 0.039 1.2309 0.6202 40.9593 
5 T38-Z1 syenite altered 13.2191 0.2202 0.0585 1.1518 0.9193 41.1945 
6 T38-Z1 syenite altered 12.9499 0.3247 0.0988 1.0926 1.9151 40.9374 
7 T38-Z1 syenite unaltered 15.2057 0.1852 b.d. 0.0137 b.d. 48.8361 
8 T38-Z1 syenite unaltered 15.3606 0.1871 b.d. 0.0164 b.d. 49.1922 
9 T38-Z1 syenite unaltered 14.6305 0.1811 b.d. 0.1334 b.d. 47.1757 
10 T38-Z1 syenite unaltered 14.183 0.196 0.0143 0.3825 0.0703 46.5113 
11 T38-Z1 syenite unaltered 14.3947 0.183 b.d. 0.143 0.2571 47.6826 
12 T38-Z1 syenite unaltered 14.5246 0.2122 0.0148 0.3619 0.122 46.945 
13 T38-Z1 syenite altered 13.5966 0.189 0.0269 1.1368 0.5244 43.4418 
14 T38-Z1 syenite altered 13.5269 0.2001 0.0316 1.096 0.5332 43.8179 
15 T38-Z1 syenite altered 13.3479 0.1849 0.0279 1.0934 0.4771 43.2455 
16 T38-Z1 syenite altered 13.434 0.2009 0.0338 1.1537 0.5272 43.7625 
17 T38-Z2 syenite unaltered 15.2189 0.1877 b.d. 0.0032 0.0395 48.6759 
18 T38-Z2 syenite unaltered 15.3019 0.1905 b.d. 0.0017 0.0173 48.9064 
19 T38-Z2 syenite unaltered 15.3359 0.1913 b.d. b.d. b.d. 49.0501 
20 T38-Z2 syenite unaltered 15.4795 0.1821 b.d. 0.0006 b.d. 49.1324 
21 T38-Z2 syenite unaltered 15.1197 0.183 b.d. 0.0068 b.d. 48.7405 
22 T38-Z2 syenite unaltered 15.245 0.1885 b.d. b.d. b.d. 48.97 
23 T38-Z2 syenite unaltered 15.4512 0.1808 b.d. b.d. b.d. 48.9896 
24 T38-Z2 syenite unaltered 15.3332 0.1819 b.d. 0.0053 b.d. 49.1325 
25 T38-Z2 syenite unaltered 15.0661 0.1856 b.d. 0.0005 b.d. 48.7387 
26 T38-Z2 syenite unaltered 15.1358 0.1856 b.d. 0.0071 b.d. 48.8174 
27 T38-Z2 syenite unaltered 15.0884 0.1868 b.d. 0.0043 b.d. 48.7439 
28 T38-Z2 syenite altered 14.4294 0.185 0.0046 0.0093 0.1632 46.7727 
29 T38-Z2 syenite altered 14.5048 0.1867 b.d. 0.0418 0.1628 46.3249 
30 T38-Z2 syenite altered 14.5146 0.1839 0.003 0.0067 0.156 47.1945 
31 X2-Z4 granite unaltered 15.2782 0.2016 b.d. 0.0014 0.2538 48.5141 
32 X2-Z4 granite unaltered 15.3217 0.1971 b.d. 0.0005 0.2526 48.6625 
33 X2-Z4 granite unaltered 15.277 0.2027 b.d. 0.0033 0.2044 48.5788 
34 X2-Z4 granite unaltered 15.3163 0.1987 b.d. 0.0033 0.2564 48.6726 
35 X2-Z1 granite altered 13.5609 0.4625 0.0242 0.3124 1.0972 44.0382 
36 X2-Z1 granite altered 13.5008 0.5158 0.0188 0.4186 1.1743 43.7828 
37 X2-Z1 granite altered 13.6292 0.4658 0.0217 0.3514 1.1466 44.0166 
38 X2-Z1 granite altered 13.6727 0.5319 0.0214 0.5175 1.3079 43.8158 
39 X2-Z1 granite unaltered 15.0262 0.211 0.0071 0.0121 b.d. 46.995 
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40 X2-Z1 granite unaltered 15.1247 0.2018 0.0078 0.0002 b.d. 48.3519 
41 X2-Z1 granite altered 15.0411 0.217 0.0105 b.d. 0.3716 47.2705 
42 X2-Z1 granite altered 14.0741 0.258 0.009 0.2178 0.4687 45.2134 
43 X2-Z1 granite altered 14.3773 0.3474 0.0113 0.2171 0.7294 45.4676 
44 X2-Z1 granite altered 13.6998 0.5103 0.0196 0.4311 1.1918 44.4777 
45 X2-Z1 granite altered 14.268 0.198 0.0029 0.2722 0.184 45.2825 
46 X2-Z1 granite altered 14.4427 0.2003 0.0062 0.0229 0.1316 46.077 
47 X2-Z1 granite altered 13.9699 0.5001 0.0268 0.3652 1.1408 43.8216 
 
 
cont. 
Point# Nb Ce Gd Dy Er Yb Hf Th O Total 
1 b.d. 0.0032 0.0291 0.038 b.d. 0.0324 0.8914 0.0192 33.6002 96.6248 
2 b.d. 0.0053 b.d. 0.0882 b.d. 0.0425 0.9207 0.0555 33.1062 95.475 
3 b.d. 0.0858 0.0898 0.0272 b.d. 0.0684 0.7956 0.2096 32.3262 93.1679 
4 b.d. 0.1469 0.1062 0.1067 b.d. 0.0575 0.6775 0.3159 29.3227 85.9163 
5 b.d. 0.1429 0.2303 0.1048 b.d. 0.083 0.588 0.2239 30.7076 88.8439 
6 b.d. 0.1506 0.2947 0.4213 b.d. 0.2796 0.6178 0.349 30.8364 90.2679 
7 b.d. 0.004 0.0311 b.d. b.d. 0.0378 0.7711 0.0044 34.7174 99.8075 
8 b.d. 0.0148 0.0072 b.d. b.d. 0.0009 0.7861 0.0527 34.991 100.609 
9 b.d. 0.0172 0.0065 b.d. b.d. 0.0249 0.8371 0.0562 33.5318 96.5946 
10 b.d. 0.0215 0.0124 0.0474 b.d. 0.0599 0.8199 0.0084 33.0093 95.3362 
11 b.d. b.d. 0.0242 b.d. b.d. 0.0408 0.8493 0.0554 33.5559 97.1864 
12 b.d. 0.0107 0.0373 0.0523 b.d. 0.0649 0.6894 0.0477 33.548 96.6308 
13 b.d. 0.0896 0.0249 0.0679 b.d. 0.0627 0.6266 0.1343 31.6836 91.6051 
14 b.d. 0.0533 0.1265 0.135 b.d. 0.0972 0.623 0.1103 31.7615 92.1125 
15 b.d. 0.0564 0.0826 0.086 b.d. 0.0686 0.6113 0.1292 31.3091 90.7199 
16 b.d. 0.0308 0.0753 0.1461 b.d. 0.0807 0.6242 0.0906 31.6496 91.8094 
17 b.d. b.d. b.d. 0.0462 b.d. 0.0494 0.8587 0.0508 34.7273 99.8576 
18 b.d. 0.0052 0.0344 0.0835 b.d. 0.0363 0.8671 0.0454 34.9241 100.4142 
19 b.d. 0.0033 0.0356 b.d. b.d. 0.0391 0.9778 b.d. 34.9598 100.5931 
20 b.d. b.d. 0.0156 0.0415 b.d. 0.0452 0.9884 0.0037 35.1556 101.0458 
21 b.d. 0.0022 0.0213 0 b.d. b.d. 0.9979 b.d. 34.5681 99.6399 
22 b.d. 0.0015 0.0272 0.0719 b.d. 0.021 1.0159 b.d. 34.8051 100.3465 
23 b.d. 0.002 b.d. b.d. b.d. b.d. 1.0079 b.d. 35.0282 100.6597 
24 b.d. 0.0053 0.0398 0.0032 b.d. 0.0277 1.0165 0.0248 34.9615 100.732 
25 b.d. 0.0042 b.d. 0.024 b.d. 0.0255 1.035 b.d. 34.5227 99.6023 
26 b.d. 0.0105 b.d. b.d. b.d. b.d. 1.036 0.0154 34.6309 99.8405 
27 b.d. 0.0059 b.d. 0.0621 b.d. 0.0151 1.0632 0.0125 34.5603 99.7432 
28 b.d. 0.0023 0.0909 b.d. b.d. 0.0381 0.8992 0.0679 33.2116 95.8664 
29 b.d. 0.0128 0.0448 0.0465 b.d. 0.0608 0.8948 0.0981 33.1719 95.5507 
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30 b.d. 0.0027 b.d. 0.0842 b.d. 0.0186 0.9073 0.0772 33.4613 96.61 
31 b.d. b.d. 0.122 0.1138 b.d. 0.1001 0.5904 0.0656 34.8446 100.0856 
32 b.d. 0.0171 0.0981 0.1028 b.d. 0.1165 0.5849 0.0273 34.9263 100.3074 
33 b.d. 0.0073 0.0515 0.0771 b.d. 0.0916 0.6026 b.d. 34.8271 99.9234 
34 b.d. 0.0074 0.0817 0.0071 b.d. 0.1676 0.5988 0.0375 34.9239 100.2713 
35 b.d. 0.0434 0.1621 0.1181 b.d. 0.0821 1.3609 0.5825 32.2396 94.0841 
36 b.d. 0.0602 0.1439 0.2195 b.d. 0.1891 1.2785 0.6284 32.2251 94.1558 
37 b.d. 0.0786 0.1229 0.1171 b.d. 0.101 1.342 0.6977 32.3514 94.442 
38 b.d. 0.0622 0.1886 0.1918 b.d. 0.1761 1.3526 0.7339 32.5435 95.1159 
39 b.d. b.d. 0.0038 0.0176 b.d. 0.0261 1.3673 b.d. 34.0335 97.6997 
40 b.d. 0.0024 0.016 0.0825 b.d. 0.0046 1.4198 0.0115 34.5425 99.7657 
41 b.d. 0.0293 0.1091 0.1856 b.d. 0.1603 1.4497 0.4135 34.3621 99.6203 
42 b.d. 0.0412 0.0965 0.1119 b.d. 0.1112 1.6378 0.4384 32.7355 95.4135 
43 b.d. 0.0384 0.0979 0.1528 b.d. 0.1011 1.5036 0.4151 33.3414 96.8004 
44 b.d. 0.0482 0.1537 0.2108 b.d. 0.1584 1.3025 0.5139 32.675 95.3928 
45 b.d. 0.0484 0.1294 0.123 b.d. 0.134 1.3857 0.4176 32.8073 95.253 
46 b.d. 0.0295 0.0966 0.1062 b.d. 0.1106 1.3433 0.2964 33.1538 96.0171 
47 b.d. 0.0611 0.1998 0.1422 b.d. 0.2073 1.0895 0.4887 32.6838 94.6968 
Note: b.d. = below detection limit. 
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Appendix 5 LA-ICP-MS analysis of zircon from the T Zone and the host rocks (trace element concentrations in ppm). 
Analysis No. Rock Unit Type Note Li Be Al P Ca Ti Fe 
X20_Z1 qtz-bst 1a unzoned n.d. n.d. 3626 708 1319 1146 1774 
X20_Z2.1 qtz-bst 1a rim n.d. n.d. 4053 667 916 1126 1654 
X20_Z2.2 qtz-bst 1a rim n.d. n.d. 3966 529 835 1102 1094 
X20_Z2.3 qtz-bst 1a core n.d. n.d. 3022 690 940 796 1872 
X20_Z2.4 qtz-bst 1a rim n.d. n.d. 3542 514 745 991 950 
X20_Z2.5 qtz-bst 1a core n.d. n.d. 2748 775 827 777 783 
X20_Z3.1 qtz-bst 1a rim n.d. n.d. 3423 518 804 968 826 
X20_Z3.2 qtz-bst 1a core n.d. n.d. 3465 628 1029 818 1197 
X20_Z3.3 qtz-bst 1a rim n.d. n.d. 3665 511 982 862 1061 
X20_Z6.1 qtz-bst 1a rim n.d. n.d. 4261 545 798 1153 1159 
X20_Z6.2 qtz-bst 1a core n.d. n.d. 4121 476 967 1210 1710 
X20_Z6.3 qtz-bst 1a rim n.d. n.d. 4343 437 930 1039 1512 
X20_Z15 qtz-bst 1a unzoned n.d. n.d. 2062 594 3839 339 28263 
X20_Z11 qtz-bst 1a unzoned n.d. n.d. 4366 631 1164 1154 1261 
X20_Z8 qtz-bst 1a unzoned n.d. n.d. 4473 474 1687 1200 2971 
X28_B5_F1_TS01.1 qtz-bst 1a core 7 816 3228 1587 n.d. 531 1568 
X28_B5_F1_TS01.2 qtz-bst 1a rim 13 646 3959 1403 n.d. 694 1414 
X28_B5_F1_TS01.3 qtz-bst 1a rim 16 925 4185 1459 n.d. 888 3683 
X28_B5_F1_TS02 qtz-bst 1a unzoned 93 389 8211 1676 n.d. 830 5405 
X28_B5_F1_TS03.1 qtz-bst 1a unzoned 16 678 3409 892 n.d. 746 1762 
X28_B5_F1_TS03.2 qtz-bst 1a unzoned 30 653 3799 1465 n.d. 738 5657 
X28_B5_F1_TS04.1 qtz-bst 1a core 14 577 4100 1488 n.d. 783 5966 
X28_B5_F1_TS04.2 qtz-bst 1a rim 17 525 4070 1233 n.d. 777 6392 
X28_B5_F1_TS04.3 qtz-bst 1a rim 29 591 3973 955 n.d. 784 2106 
X28_B5_F1_TS05.1 qtz-bst 1a rim 289 465 5264 840 n.d. 778 1498 
X28_B5_F1_TS05.2 qtz-bst 1a core 306 445 5819 912 n.d. 837 1812 
  313 
Analysis No. Rock Unit Type Note Li Be Al P Ca Ti Fe 
X28_B5_F1_TS07 qtz-bst 1a unzoned 13 519 2766 463 n.d. 633 2382 
X28_B5_F1_TS09 qtz-bst 1a unzoned 27 202 3983 1109 n.d. 1681 13506 
X28_B5_F1_TS10 qtz-bst 1a unzoned 29 305 5113 1747 n.d. 697 6349 
X28_B5_F1_TS12 qtz-bst 1a unzoned 15 314 3494 961 n.d. 799 893 
X28_B5_F1_TS13.1 qtz-bst 1a core 13 451 4496 1434 n.d. 762 9417 
X28_B5_F1_TS13.2 qtz-bst 1a rim 12 446 4387 872 n.d. 776 5687 
X28_B5_F1_TS18 qtz-bst 1a unzoned 17 499 4275 581 n.d. 729 28318 
X28_B5_F1_TS19 qtz-bst 1a unzoned 44 338 2829 551 n.d. 628 1290 
X28_B5_F1_TS20 qtz-bst 1a unzoned 43 520 3462 475 n.d. 617 2791 
X28_B7_F1_TS01.1 qtz-bst 1a unzoned 14 225 3512 703 n.d. 2052 1691 
X28_B7_F1_TS01.2 qtz-bst 1a unzoned 16 292 3485 894 n.d. 1517 4150 
X28_B7_F1_TS02.1 qtz-bst 1a rim 23 640 6238 1386 n.d. 1247 2471 
X28_B7_F1_TS02.2 qtz-bst 1a core 16 518 5044 1322 n.d. 965 2595 
X28_B7_F1_TS02.3 qtz-bst 1a rim 18 516 5376 965 n.d. 1045 3606 
X28_B7_F1_TS03.1 qtz-bst 1a unzoned 16 322 4800 631 n.d. 971 15610 
X28_B7_F1_TS03.2 qtz-bst 1a unzoned 11 487 4813 802 n.d. 785 31874 
X28_B7_F1_TS04 qtz-bst 1a unzoned 30 281 4709 736 n.d. 808 3477 
X28_B7_F1_TS05.1 qtz-bst 1a rim 34 295 4921 908 n.d. 783 34173 
X28_B7_F1_TS05.2 qtz-bst 1a core 9 578 4164 1614 n.d. 782 6080 
X28_B7_F1_TS05.3 qtz-bst 1a rim 764 485 8662 1395 n.d. 920 3359 
X28_B7_F1_TS06.1 qtz-bst 1a rim 37 286 4049 672 n.d. 660 5972 
X28_B7_F1_TS06.2 qtz-bst 1a core 932 306 13141 770 n.d. 1033 5185 
X28_B7_F1_TS07 qtz-bst 1a unzoned 34 305 5182 5811 n.d. 302 7916 
X28_B7_F1_TS08.1 qtz-bst 1a rim 21 539 4124 646 n.d. 796 7365 
X28_B7_F1_TS08.2 qtz-bst 1a core 16 568 3677 597 n.d. 740 61312 
X28_B7_F1_TS08.3 qtz-bst 1a core 19 475 4429 734 n.d. 834 82332 
X28_B7_F1_TS09 qtz-bst 1a unzoned 42 196 4933 1453 n.d. 617 28056 
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Analysis No. Rock Unit Type Note Li Be Al P Ca Ti Fe 
X28_B7_F1_TS10.1 qtz-bst 1a unzoned 20 231 4189 589 n.d. 889 1137 
X28_B7_F1_TS10.2 qtz-bst 1a unzoned 28 246 4452 723 n.d. 908 1461 
X28_B7_F1_TS11 qtz-bst 1a unzoned 23 341 3972 804 n.d. 773 50160 
NTZ-6_B4_Z1 qtz-bst 1a unzoned n.d. n.d. 3333 315 4037 579 4988 
NTZ-6_B4_Z2 qtz-bst 1a unzoned n.d. n.d. 4989 376 6029 684 10950 
NTZ-6_B4_Z6 qtz-bst 1a unzoned n.d. n.d. 7254 537 8618 446 26768 
NTZ-6_B4_Z8.1 qtz-bst 1a rim n.d. n.d. 4673 335 1742 768 4011 
NTZ-6_B4_Z8.2 qtz-bst 1a core n.d. n.d. 4042 590 1774 616 5611 
NTZ-6_B4_Z8.3 qtz-bst 1a rim n.d. n.d. 4531 349 1823 737 3910 
AN8_B3_TS01.2 qtz-bst 1b unzoned 27 262 1896 957 n.d. 81 19531 
AN8_B3_TS02.1 qtz-bst 1b unzoned 15 937 1970 1074 n.d. 745 2869 
AN8_B3_TS02.2 qtz-bst 1b unzoned 13 351 2641 1126 n.d. 611 1104 
AN8_B3_TS08 qtz-bst 1b unzoned 7 351 5177 1102 n.d. 126 9909 
AN8_B8_TS03.1 qtz-bst 1b unzoned 15 311 2835 1231 n.d. 491 8808 
AN8_B8_TS03.2 qtz-bst 1b unzoned 29 325 3547 1369 n.d. 392 12019 
AN8_B8_TS04 qtz-bst 1b unzoned 22 292 4535 1163 n.d. 126 12944 
AN8_B8_TS05 qtz-bst 1b unzoned 19 307 3444 1885 n.d. 621 10811 
AN8_B8_TS06 qtz-bst 1b unzoned 13 279 2907 1211 n.d. 9981 8775 
AN8_B8_TS07 qtz-bst 1b unzoned 18 347 3468 1280 n.d. 891 25481 
AN8_B4_TS04.1 qtz-bst 1b unzoned 13 354 5167 1638 n.d. 830 9254 
AN8_B4_TS04.2 qtz-bst 1b unzoned 12 428 2903 1042 n.d. 345 15233 
AN8_B4_TS05.1 qtz-bst 1b unzoned 19 337 5048 1300 n.d. 1484 6447 
AN8_B4_TS05.2 qtz-bst 1b unzoned 22 306 6680 886 n.d. 1932 3713 
AN8_B11_TS01 qtz-bst 1b unzoned 16 272 3262 439 n.d. 1937 1948 
AN8_B11_TS02.1 qtz-bst 1b unzoned 16 341 3753 576 n.d. 2293 1561 
AN8_B11_TS02.2 qtz-bst 1b unzoned 28 274 3163 587 n.d. 1422 7076 
AN8_B3_TS09 qtz-bst 1b unzoned 6 n.d. 4959 1506 n.d. 157 11056 
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Analysis No. Rock Unit Type Note Li Be Al P Ca Ti Fe 
AN8_B4_TS06 qtz-bst 1b unzoned 13 341 1938 1111 n.d. 106 18077 
AN8_B4_TS07 qtz-bst 1b unzoned 11 379 2577 1133 n.d. 111 21337 
AN8_B4_TS08 qtz-bst 1b unzoned 15 452 3344 2740 n.d. 563 26786 
AN8_B11_TS03 qtz-bst 1b unzoned 17 339 6358 384 n.d. 2442 1723 
AN8_B11_TS04.1 qtz-bst 1b unzoned 19 400 4740 2432 n.d. 228 16925 
AN8_B11_TS04.2 qtz-bst 1b unzoned 31 314 3166 2646 n.d. 309 17699 
X24_Z1 phenakite zone 1b unzoned n.d. n.d. 518 783 1671 193 5989 
X24_Z2 phenakite zone 1b unzoned n.d. n.d. 794 729 2577 141 5117 
X24_Z3 phenakite zone 1b unzoned n.d. n.d. 767 1000 2839 113 5294 
X24_Z4 phenakite zone 1b unzoned n.d. n.d. 553 778 1741 379 5694 
X24_Z5 phenakite zone 1b unzoned n.d. n.d. 835 1389 970 440 10959 
X24_Z7.1 phenakite zone 1b rim n.d. n.d. 2057 651 10937 964 5155 
X24_Z7.2 phenakite zone 1b core n.d. n.d. 1987 1991 8215 479 6700 
X24_Z8.1 phenakite zone 1b unzoned n.d. n.d. 1327 257 n.d. 1975 3661 
X24_Z8.2 phenakite zone 1b unzoned n.d. n.d. 1611 426 n.d. 1224 2419 
X24_Z9 phenakite zone 1b unzoned n.d. n.d. 2571 2803 54705 1683 6671 
X24_Z10 phenakite zone 1b unzoned n.d. n.d. 3627 7858 51354 1712 6032 
X24_Z11.1 phenakite zone 1b unzoned n.d. n.d. 1516 422 4435 181 6542 
X24_Z11.2 phenakite zone 1b rim n.d. n.d. 1813 325 3140 1168 5701 
X24_Z11.3 phenakite zone 1b core n.d. n.d. 1878 336 2985 1251 6415 
X24_Z12.1 phenakite zone 1b rim n.d. n.d. 1544 421 4453 197 6652 
X24_Z12.2 phenakite zone 1b core n.d. n.d. 1414 455 4342 150 5702 
X24_Z13.1 phenakite zone 1b unzoned n.d. n.d. 1883 237 3129 220 5336 
X24_Z13.2 phenakite zone 1b unzoned n.d. n.d. 1722 231 2914 447 5288 
X24_Z14 phenakite zone 1b unzoned n.d. n.d. 2236 448 4424 270 6266 
X24_Z15 phenakite zone 1b unzoned n.d. n.d. 5274 359 4850 189 11567 
X24_Z16 phenakite zone 1b unzoned n.d. n.d. 5614 499 4657 238 18283 
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Analysis No. Rock Unit Type Note Li Be Al P Ca Ti Fe 
F7_Z1 Fluorite-Zone FZ unzoned n.d. n.d. 929 2067 4583 1499 5986 
F7_Z2 Fluorite-Zone FZ unzoned n.d. n.d. 943 2250 n.d. 3484 7773 
F7_Z3.1 Fluorite-Zone FZ unzoned n.d. n.d. 1520 2475 5581 2239 18909 
F7_Z3.2 Fluorite-Zone FZ unzoned n.d. n.d. 4092 3001 8684 2395 14112 
F7_Z4.1 Fluorite-Zone FZ unzoned n.d. n.d. 1296 2076 7961 1950 8477 
F7_Z4.2 Fluorite-Zone FZ unzoned n.d. n.d. 1755 1921 7401 1877 12039 
F7_Z5 Fluorite-Zone FZ unzoned n.d. n.d. 1077 2450 2761 1765 3454 
F7_Z7 Fluorite-Zone FZ unzoned n.d. n.d. 1058 3347 3926 1438 8314 
F7_Z8 Fluorite-Zone FZ unzoned n.d. n.d. 1336 3266 2917 1667 2561 
F7_Z9 Fluorite-Zone FZ unzoned n.d. n.d. 1337 2840 5807 2190 7074 
F7_Z10 Fluorite-Zone FZ unzoned n.d. n.d. 1307 2815 32975 1643 5711 
F7_Z11 Fluorite-Zone FZ unzoned n.d. n.d. 2046 2684 8829 1860 13649 
F7_Z12 Fluorite-Zone FZ unzoned n.d. n.d. 3092 4212 12832 1802 7976 
FZ_Z14 Fluorite-Zone FZ unzoned n.d. n.d. 2568 2788 39374 6016 25000 
FZ_Z15 Fluorite-Zone FZ unzoned n.d. n.d. 858 2776 22777 1434 20874 
AN6_B6 Z1 more altered LIZ 2 unzoned n.d. n.d. 1039 2186 2667 1704 3257 
AN6_B6 Q1.1 more altered LIZ 2 unzoned n.d. n.d. 1018 2949 3771 1384 7799 
AN6_B6 Q1.2 more altered LIZ 2 unzoned n.d. n.d. 3635 3655 67195 1476 32118 
AN6_B6 Q1.3 more altered LIZ 2 unzoned n.d. n.d. 1284 2878 2802 1604 2402 
AN6_B8 Z1 more altered LIZ 2 unzoned n.d. n.d. 1299 2549 5534 2122 6674 
AN6_B2 Z1.1 more altered LIZ 2 unzoned n.d. n.d. 1530 3047 37670 1915 6481 
AN6_B2 Z1.2 more altered LIZ 2 unzoned n.d. n.d. 2396 2906 10086 2169 15490 
AN1_B12_TS01 syenite 3 unzoned 34 524 2577 1408 n.d. 381 5772 
AN1_B11_TS01 syenite 3 unzoned 26 21 5699 94 n.d. 350 5005 
AN1_B8_TS02 syenite 3 unzoned 60 189 375 597 n.d. 63 1267 
AN1_B8_TS03 syenite 3 unzoned 28 35 342 315 n.d. 42 1862 
AN1_B8_TS04 syenite 3 unzoned 60 56 198 283 n.d. 50 7016 
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Analysis No. Rock Unit Type Note Li Be Al P Ca Ti Fe 
AN1_B8_TS05.1 syenite 3 unzoned 25 39 359 153 n.d. 38 1193 
AN1_B8_TS05.2 syenite 3 unzoned 43 32 463 159 n.d. 46 1621 
AN1_B8_TS05.3 syenite 3 unzoned 41 20 143 124 n.d. 48 1082 
AN1_B2_TS01 syenite 3 unzoned 19 9 4866 77 n.d. 23 1296 
AN1_B2_TS02.1 syenite 3 unzoned 34 62 1491 244 n.d. 42 681 
AN1_B2_TS02.2 syenite 3 unzoned 27 12 1373 77 n.d. 22 246 
AN1_B2_TS03.1 syenite 3 unzoned 31 271 6389 109 n.d. 23 722 
AN1_B2_TS03.2 syenite 3 unzoned 20 34 681 163 n.d. 33 1372 
AN1_B8'_TS01.1 syenite 3 unzoned 27 29 730 303 n.d. 50 678 
AN1_B8'_TS01.2 syenite 3 unzoned 34 242 1077 1064 n.d. 149 1871 
AN1_B8'_TS02.1 syenite 3 unzoned 35 9 1557 111 n.d. 27 989 
AN1_B8'_TS02.2 syenite 3 unzoned 49 44 1705 237 n.d. 133 2421 
AN1_B8_TS06 syenite 3 unzoned 40 25 494 70 n.d. 115 6015 
AN3_Z1 granite 3 unzoned n.d. n.d. 21028 56 976 769 20066 
AN3_Z2.1 granite 3 rim n.d. n.d. 3133 136 1345 105 12187 
AN3_Z2.2 granite 3 core n.d. n.d. 1764 115 2358 56 8916 
AN3_Z3.1 granite 3 rim n.d. n.d. 31460 471 4561 1348 69781 
AN3_Z3.2 granite 3 core n.d. n.d. 14090 214 2367 503 31488 
AN3_Z4.1 granite 3 rim n.d. n.d. 3663 82 1430 466 12280 
AN3_Z4.2 granite 3 core n.d. n.d. 1618 99 1436 411 6924 
AN3_Z5 granite 3 unzoned n.d. n.d. 24826 94 4650 418 49580 
AN3_Z6 granite 3 unzoned n.d. n.d. 9561 93 1652 818 24208 
AN3_Z7 granite 3 unzoned n.d. n.d. 20877 96 1554 890 46174 
AN3_Z8.1 granite 3 rim n.d. n.d. 17429 108 1566 318 46570 
AN3_Z8.2 granite 3 core n.d. n.d. 25026 80 1607 978 51379 
AN3_Z8.3 granite 3 rim n.d. n.d. 24110 87 1331 574 41357 
AN3_Z9.1 granite 3 unzoned n.d. n.d. 3002 107 2790 95 9355 
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Analysis No. Rock Unit Type Note Li Be Al P Ca Ti Fe 
AN3_Z9.2 granite 3 unzoned n.d. n.d. 1629 84 2586 37 7527 
AN3_Z11 granite 3 unzoned n.d. n.d. 20933 49 2845 1942 47042 
X29_B2_TS01 granite 3 unzoned 42 116 2543 621 n.d. 69 8027 
X29_B2_TS02.1 granite 3 unzoned 41 42 259 208 n.d. 35 814 
X29_B2_TS02.2 granite 3 unzoned 36 82 586 401 n.d. 242 2050 
X29_B2_TS02.3 granite 3 unzoned 20 44 435 311 n.d. 56 1058 
Cont. 
Analytical No. Y Nb La Ce Pr Nd Sm Eu Gd 
X20_Z1 9856.0 5640 182.5 2067.5 703.3 5798.3 2799.8 488.3 3303.6 
X20_Z2.1 16762.5 6624 148.6 1596.5 533.1 4784.8 3813.0 700.1 5698.8 
X20_Z2.2 12864.2 6147 186.3 1926.9 632.8 5849.7 3544.7 590.5 4809.0 
X20_Z2.3 15543.3 5027 86.3 758.2 250.3 2190.7 2424.8 502.6 4397.5 
X20_Z2.4 13442.6 5954 167.7 1654.7 580.4 5148.7 3328.2 575.4 4575.3 
X20_Z2.5 16950.9 5437 71.3 639.6 212.3 2043.7 2174.5 427.4 3595.6 
X20_Z3.1 14799.0 6305 160.1 1814.9 707.2 5323.5 3578.4 615.6 4768.5 
X20_Z3.2 16881.3 4716 66.5 649.8 236.3 2431.3 2424.8 550.9 4361.5 
X20_Z3.3 14388.3 4303 68.1 805.3 269.5 2376.0 2376.4 479.5 3953.8 
X20_Z6.1 10840.6 6531 145.5 1681.7 647.1 5113.3 2803.9 482.8 3574.5 
X20_Z6.2 13418.4 6323 106.8 1233.6 441.3 3984.5 2765.0 526.7 4161.6 
X20_Z6.3 12467.2 5729 138.2 1825.6 616.1 4972.7 2818.1 469.1 3671.3 
X20_Z15 14013.3 4374 97.4 756.1 175.6 1447.9 1258.4 246.8 2125.9 
X20_Z11 13264.7 6352 128.6 1469.8 535.2 5507.7 2755.6 515.2 3340.3 
X20_Z8 7727.4 6228 167.0 2443.5 830.3 6652.3 2198.8 326.1 1803.4 
X28_B5_F1_TS01.1 15339.4 4378 44.9 395.8 135.6 1512.6 2612.7 616.1 6580.2 
X28_B5_F1_TS01.2 12914.4 5664 66.4 806.9 327.6 4444.5 7961.1 1540.7 12475.3 
X28_B5_F1_TS01.3 17723.8 8701 76.7 880.4 412.5 5154.4 10268.5 2066.4 17849.6 
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Analytical No. Y Nb La Ce Pr Nd Sm Eu Gd 
X28_B5_F1_TS02 10489.0 11336 213.2 1755.5 459.0 3337.1 2698.3 449.6 3732.4 
X28_B5_F1_TS03.1 8047.1 7043 83.4 1003.9 445.0 6205.7 11505.1 2035.8 14870.1 
X28_B5_F1_TS03.2 14193.2 5748 58.5 712.7 305.7 3994.3 7294.4 1457.8 13158.8 
X28_B5_F1_TS04.1 14365.0 5564 69.5 842.6 330.5 4184.5 7266.2 1432.9 11448.3 
X28_B5_F1_TS04.2 11957.4 7353 94.6 1038.3 412.9 5073.3 8367.1 1337.3 10669.2 
X28_B5_F1_TS04.3 9579.9 6962 71.7 900.1 412.8 5527.0 10285.5 1818.1 13855.5 
X28_B5_F1_TS05.1 10926.4 5971 104.7 974.9 422.6 4619.5 9072.1 1579.3 10018.8 
X28_B5_F1_TS05.2 11051.0 6139 109.5 1148.4 398.3 4856.2 7443.5 1262.0 9464.7 
X28_B5_F1_TS07 7761.8 4490 71.2 782.3 254.4 2190.6 2580.9 448.8 3313.7 
X28_B5_F1_TS09 9603.9 1797 69.5 573.3 192.3 1514.2 1571.4 240.9 2744.2 
X28_B5_F1_TS10 12014.1 1759 119.3 1010.8 293.8 2331.7 1846.4 270.3 2949.1 
X28_B5_F1_TS12 13315.9 5802 98.6 910.6 258.5 2663.9 4409.7 841.8 7401.2 
X28_B5_F1_TS13.1 13532.6 5169 76.3 952.9 321.6 4696.2 7310.3 1415.8 11488.3 
X28_B5_F1_TS13.2 11175.3 5836 83.0 943.1 392.9 4684.1 8176.0 1577.1 12201.4 
X28_B5_F1_TS18 10708.3 5370 55.9 816.6 321.8 4438.7 9135.5 1770.4 14032.2 
X28_B5_F1_TS19 15869.1 7589 73.5 718.3 303.7 3876.8 9205.9 1332.7 12400.4 
X28_B5_F1_TS20 15102.2 8417 58.7 629.1 284.1 4003.9 8743.7 1533.7 11597.6 
X28_B7_F1_TS01.1 11046.6 8428 58.1 772.6 365.5 5453.6 10575.4 1961.2 14994.5 
X28_B7_F1_TS01.2 14665.2 7529 48.9 648.4 296.4 3890.6 7887.6 1449.3 13209.0 
X28_B7_F1_TS02.1 13144.2 10162 155.4 1852.5 778.0 9536.0 15642.3 2635.4 18308.8 
X28_B7_F1_TS02.2 14973.2 6632 66.6 886.6 333.3 4122.7 8296.9 1606.8 11638.4 
X28_B7_F1_TS02.3 9212.7 8857 94.4 1266.0 609.4 7486.3 12787.8 2122.5 15471.3 
X28_B7_F1_TS03.1 9380.8 7555 80.6 1024.0 460.0 6270.5 10160.3 1670.1 11331.9 
X28_B7_F1_TS03.2 13474.6 6612 64.2 842.3 318.9 3964.4 7298.9 1573.0 11162.2 
X28_B7_F1_TS04 8142.1 4697 76.0 820.4 318.2 3904.2 6092.8 1001.2 6882.0 
X28_B7_F1_TS05.1 10639.2 7451 79.9 1067.8 363.8 5158.6 8536.5 1535.6 10800.3 
X28_B7_F1_TS05.2 18375.8 5784 60.0 680.6 263.8 3124.8 5948.5 1393.1 12298.2 
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X28_B7_F1_TS05.3 14156.4 8220 106.6 1100.0 418.2 4958.2 8142.6 1445.4 11885.2 
X28_B7_F1_TS06.1 9123.0 6336 58.5 812.5 332.1 5027.4 8577.1 1172.0 8824.6 
X28_B7_F1_TS06.2 8767.2 6456 75.6 883.0 332.8 4125.1 6679.7 1019.7 7697.0 
X28_B7_F1_TS07 21856.9 1435 183.3 1552.1 436.1 3208.5 2225.8 370.7 4541.9 
X28_B7_F1_TS08.1 10064.5 8526 64.1 903.9 441.8 6369.4 12837.0 2185.2 15372.8 
X28_B7_F1_TS08.2 10656.7 6783 60.3 836.1 426.5 5702.9 11484.5 2060.9 15958.1 
X28_B7_F1_TS08.3 10970.1 6362 69.6 870.3 388.4 5305.7 9899.4 1730.8 13052.1 
X28_B7_F1_TS09 10430.5 2091 104.1 1048.6 288.6 2477.9 2254.0 391.7 3406.8 
X28_B7_F1_TS10.1 7957.4 7318 71.4 962.9 413.6 5611.4 9843.6 1750.6 12466.1 
X28_B7_F1_TS10.2 11145.9 7882 111.9 1237.8 529.1 6322.9 10201.3 1779.9 14540.2 
X28_B7_F1_TS11 11146.3 9295 133.9 1362.8 488.5 6482.5 10793.5 1516.2 12525.3 
NTZ-6_B4_Z1 8301.9 3686 37.9 550.3 243.3 3393.3 6971.2 1111.4 7970.5 
NTZ-6_B4_Z2 8230.6 3908 195.6 1633.4 578.9 7332.3 9053.8 1284.1 8544.1 
NTZ-6_B4_Z6 9151.2 1843 146.2 1576.6 576.2 5685.6 4149.6 419.4 2793.8 
NTZ-6_B4_Z8.1 9683.5 6092 62.0 1030.7 434.6 8058.7 12213.8 1846.4 11743.9 
NTZ-6_B4_Z8.2 15661.1 4220 49.1 693.1 296.5 4347.7 7538.1 1269.0 10873.1 
NTZ-6_B4_Z8.3 9891.5 5059 60.2 875.1 413.0 6510.5 11172.4 1541.7 10326.9 
AN8_B3_TS01.2 13284.0 1705 150.0 400.2 61.4 371.3 288.4 54.0 526.8 
AN8_B3_TS02.1 5782.4 3880 51.4 202.5 55.7 235.6 204.9 33.7 267.7 
AN8_B3_TS02.2 12024.5 3402 38.3 334.9 107.1 964.4 1411.9 268.3 2228.2 
AN8_B3_TS08 22198.5 8596 174.2 991.6 239.9 1785.9 1179.6 181.5 1604.8 
AN8_B8_TS03.1 13076.9 1372 154.8 445.5 85.9 598.9 460.3 84.3 689.2 
AN8_B8_TS03.2 13391.1 1680 184.9 469.6 88.9 574.5 381.4 74.1 588.1 
AN8_B8_TS04 17575.4 3901 118.6 605.8 138.0 1040.7 758.4 125.5 1051.4 
AN8_B8_TS05 18675.0 2472 95.1 518.9 115.8 856.0 644.4 113.2 962.9 
AN8_B8_TS06 17548.1 4460 97.2 313.2 76.6 481.2 467.4 83.3 759.2 
AN8_B8_TS07 14952.8 10287 97.6 741.5 113.2 764.9 583.7 121.7 719.1 
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AN8_B4_TS04.1 20781.7 6854 257.3 1502.4 377.4 2675.7 1218.6 170.8 1280.4 
AN8_B4_TS04.2 14865.8 2015 89.4 501.8 106.8 660.9 423.9 88.0 668.1 
AN8_B4_TS05.1 15175.1 9266 348.8 2380.7 586.2 3567.5 1016.9 138.9 1002.2 
AN8_B4_TS05.2 14982.2 7465 339.0 2621.6 655.2 3605.7 944.0 119.6 989.5 
AN8_B11_TS01 10008.9 6240 209.7 595.7 104.5 561.2 268.9 48.3 485.6 
AN8_B11_TS02.1 10569.7 6893 171.0 494.6 88.8 496.6 258.6 49.1 484.6 
AN8_B11_TS02.2 9086.5 5396 466.2 741.6 128.1 881.8 317.3 50.2 441.0 
AN8_B3_TS09 21503.3 8057 185.4 1077.1 257.7 1790.1 1120.9 168.2 1456.3 
AN8_B4_TS06 13603.9 1404 51.8 280.9 57.8 418.7 329.7 71.5 541.0 
AN8_B4_TS07 14706.1 2100 74.8 475.0 108.4 740.9 471.0 90.3 658.5 
AN8_B4_TS08 20731.7 4789 247.5 1238.8 285.8 1553.8 659.9 111.7 957.8 
AN8_B11_TS03 8533.3 7632 548.8 2635.6 451.6 2080.3 390.7 50.0 416.3 
AN8_B11_TS04.1 30118.8 5681 91.1 536.1 120.7 854.9 847.8 171.6 1540.3 
AN8_B11_TS04.2 22420.6 3307 79.6 338.0 71.2 506.9 533.6 119.8 980.3 
X24_Z1 8081.3 1329 13.7 120.9 28.7 258.2 340.9 105.7 686.3 
X24_Z2 8511.9 1578 19.7 185.8 49.8 430.5 535.9 151.3 970.8 
X24_Z3 8055.1 1103 17.7 135.8 36.5 302.9 386.7 127.5 690.6 
X24_Z4 8178.2 1357 110.6 372.4 74.6 430.7 406.0 123.4 747.4 
X24_Z5 9565.6 6497 17.1 181.9 43.2 361.4 526.2 147.6 981.4 
X24_Z7.1 8129.8 7080 1240.2 5007.1 866.6 3733.8 1329.6 166.6 1350.3 
X24_Z7.2 11432.7 4490 281.3 1574.3 281.3 1726.6 1073.8 203.7 1765.7 
X24_Z8.1 4277.7 16603 1208.1 6064.7 515.7 1350.9 418.5 78.0 684.6 
X24_Z8.2 3453.2 16180 1448.0 5718.0 505.9 1441.1 452.9 76.8 646.3 
X24_Z9 11795.8 11136 725.0 6194.7 897.6 2999.7 1486.5 319.1 2540.1 
X24_Z10 35110.8 13242 691.2 4559.3 675.0 2817.3 1986.6 547.7 3987.8 
X24_Z11.1 9107.8 1426 153.4 482.7 103.5 689.8 658.7 139.4 1212.9 
X24_Z11.2 5037.7 8355 749.1 2503.0 462.0 2202.0 746.6 133.5 1093.9 
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X24_Z11.3 5685.1 8082 659.9 2130.3 441.9 1861.8 1102.1 187.4 1120.8 
X24_Z12.1 9091.5 1439 155.8 470.7 103.0 707.1 683.6 140.9 1238.9 
X24_Z12.2 8653.1 1177 59.9 327.1 79.6 562.4 524.8 119.4 1031.3 
X24_Z13.1 5216.5 1852 52.4 405.2 108.4 705.1 508.0 105.5 860.3 
X24_Z13.2 6148.7 5065 69.9 384.6 96.2 666.4 638.1 124.9 1158.6 
X24_Z14 12168.5 3650 65.2 531.4 158.1 1238.3 1273.7 250.0 2383.3 
X24_Z15 9965.3 2358 56.4 446.9 121.0 974.6 1136.9 205.3 1968.2 
X24_Z16 7919.6 2442 42.1 338.0 90.1 709.4 721.2 131.6 1267.3 
F7_Z1 16128.8 3659 147.3 1947.6 422.5 3004.6 1054.3 152.6 1233.1 
F7_Z2 11313.9 4280 156.5 2813.0 704.5 4537.3 1507.2 212.9 1366.8 
F7_Z3.1 16746.3 4362 155.4 2267.0 452.7 3220.3 1128.8 175.9 1421.6 
F7_Z3.2 30070.0 4187 283.6 2906.1 579.3 4214.9 1761.4 405.9 2867.2 
F7_Z4.1 19525.6 4790 284.3 2494.1 581.2 3667.0 1283.9 208.7 1612.8 
F7_Z4.2 20526.7 4984 174.3 2085.1 589.3 3547.1 1228.1 183.5 1608.0 
F7_Z5 13625.2 3102 144.6 2121.2 509.9 3542.6 1032.9 153.0 1130.8 
F7_Z7 20359.0 3918 119.9 1740.5 422.3 3088.1 1164.3 201.5 1547.4 
F7_Z8 27607.6 4442 135.8 1846.4 466.3 3367.5 1261.6 233.0 2108.0 
F7_Z9 18244.0 5122 142.5 1972.3 452.1 3409.0 1199.5 204.6 1537.9 
F7_Z10 19277.6 2989 323.1 2053.4 575.8 3654.1 1214.1 209.1 1621.4 
F7_Z11 23314.0 3314 145.3 1735.4 427.1 3272.2 1225.3 284.1 1746.9 
F7_Z12 16557.2 4248 178.0 1551.1 403.3 2381.4 836.9 111.9 1096.0 
FZ_Z14 25010.2 3624 287.7 2635.6 530.5 3304.6 1465.9 326.8 2471.4 
FZ_Z15 21056.4 3313 334.5 2643.7 545.0 3306.9 1272.5 218.6 1672.3 
AN6_B6 Z1 14201.2 3067 147.1 2044.4 511.5 3587.4 1049.1 153.6 1172.3 
AN6_B6 Q1.1 21195.8 3856 121.9 1667.1 422.7 3123.2 1181.2 201.7 1605.5 
AN6_B6 Q1.2 35051.9 5685 304.6 2850.5 532.0 3712.4 1847.1 454.5 3613.2 
AN6_B6 Q1.3 28742.3 4373 138.1 1768.5 466.8 3405.8 1280.0 233.1 2187.1 
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AN6_B8 Z1 18858.7 5057 144.4 1900.5 452.5 3441.5 1217.8 205.0 1590.1 
AN6_B2 Z1.1 23888.41 3547 392.8 2379.9 692.0 4428.1 1480.6 251.7 2011.4 
AN6_B2 Z1.2 28890.2 3932 176.6 2011.3 513.3 3965.4 1494.3 342.0 2167.1 
AN1_B12_TS01 32206.4 1703 70.3 831.9 84.4 620.8 571.9 139.3 1739.3 
AN1_B11_TS01 2774.7 305 3.0 62.6 5.0 44.0 44.0 10.9 153.5 
AN1_B8_TS02 4924.9 199 9.3 147.7 8.5 79.7 122.2 30.5 404.0 
AN1_B8_TS03 1835.6 125 292.8 328.9 112.5 113.2 32.9 7.1 90.2 
AN1_B8_TS04 2570.9 120 95.5 240.5 20.3 99.9 53.1 12.5 146.3 
AN1_B8_TS05.1 3136.7 214 8.5 50.1 6.1 47.6 46.2 10.5 130.7 
AN1_B8_TS05.2 2446.2 143 29.5 64.6 8.6 63.2 37.4 8.2 92.2 
AN1_B8_TS05.3 1789.9 118 5.5 32.6 3.2 24.4 22.6 5.1 65.0 
AN1_B2_TS01 2516.1 80 1.1 80.6 2.7 29.8 52.9 13.4 189.8 
AN1_B2_TS02.1 3539.5 133 4.4 189.0 9.0 76.6 75.0 16.6 221.4 
AN1_B2_TS02.2 2036.1 58 0.7 80.9 2.1 24.5 43.3 10.6 159.1 
AN1_B2_TS03.1 2383.2 87 0.7 112.2 2.3 28.8 53.5 12.9 179.0 
AN1_B2_TS03.2 2608.2 164 2.8 74.2 4.3 41.7 47.9 11.6 172.4 
AN1_B8'_TS01.1 4041.8 350 3.1 110.5 3.6 34.7 58.2 13.4 196.3 
AN1_B8'_TS01.2 23908.2 2559 26.2 201.1 25.4 200.4 209.7 47.3 607.0 
AN1_B8'_TS02.1 2214.2 152 1.4 80.4 1.4 15.5 31.3 7.6 118.1 
AN1_B8'_TS02.2 5559.5 479 5.0 126.8 4.7 43.9 67.5 14.9 228.6 
AN1_B8_TS06 1776.6 73 8.0 58.5 4.5 35.7 34.8 8.3 110.7 
AN3_Z1 2101.0 14 3.8 36.0 9.9 97.4 129.5 52.8 208.6 
AN3_Z2.1 3718.4 22 3.6 51.9 9.0 82.2 112.8 55.2 236.8 
AN3_Z2.2 2414.9 14 7.3 51.2 11.0 97.9 125.8 49.2 234.6 
AN3_Z3.1 6700.5 32 9.8 116.5 35.4 336.5 387.8 131.3 738.3 
AN3_Z3.2 5384.9 22 6.1 67.1 17.4 166.3 237.5 77.9 474.5 
AN3_Z4.1 3362.0 40 7.2 115.1 5.5 59.5 85.1 42.3 237.6 
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AN3_Z4.2 2764.8 35 4.0 87.4 6.7 61.6 78.1 48.9 213.9 
AN3_Z5 3664.4 23 3.9 31.4 6.4 65.5 95.9 37.0 250.5 
AN3_Z6 4016.3 26 2.6 44.0 6.8 73.7 98.9 42.5 251.1 
AN3_Z7 2208.7 25 4.4 44.0 9.1 85.6 93.8 39.6 207.9 
AN3_Z8.1 5492.2 21 2.6 51.4 7.1 80.1 113.9 54.4 336.9 
AN3_Z8.2 4370.2 21 1.8 35.8 4.3 57.6 92.4 37.2 239.6 
AN3_Z8.3 3997.1 17 4.2 43.7 8.9 94.1 136.8 58.8 304.9 
AN3_Z9.1 5183.1 33 8.7 109.2 14.9 145.5 157.0 105.9 367.6 
AN3_Z9.2 5207.3 22 5.4 73.5 9.5 95.4 125.1 59.4 345.4 
AN3_Z11 2228.9 36 4.5 46.5 7.7 78.2 85.2 32.3 124.9 
X29_B2_TS01 10602.8 701 8.0 68.0 9.0 73.2 108.2 27.5 389.1 
X29_B2_TS02.1 3256.2 256 3.5 34.6 4.3 34.7 49.5 12.7 149.7 
X29_B2_TS02.2 7967.8 2441 9.5 68.3 10.1 77.2 108.3 31.0 380.6 
X29_B2_TS02.3 4493.1 776 6.5 38.2 6.0 43.0 58.9 15.6 198.8 
 
cont. 
Analysis No. Tb Dy Ho Er Tm Yb Lu Hf Ta Pb 
X20_Z1 569.3 2739.3 475.3 1452.9 339.4 5264.5 647.2 4157.6 52.1 48.8 
X20_Z2.1 1067.4 5315.3 759.1 1983.1 408.6 4725.7 531.7 4721.9 54.2 58.2 
X20_Z2.2 791.4 3307.4 493.9 1291.5 283.5 3364.1 417.8 4325.1 49.2 49.9 
X20_Z2.3 856.7 4207.4 664.4 1892.5 462.7 7272.3 898.5 3742.4 44.6 40.1 
X20_Z2.4 819.1 3860.1 609.0 1410.8 345.6 4728.7 529.1 4319.5 47.4 62.5 
X20_Z2.5 751.8 4310.7 777.5 2853.3 1077.0 19586.5 2541.2 3062.5 59.8 33.3 
X20_Z3.1 837.7 4282.8 672.3 1671.3 371.8 5161.8 588.4 4435.7 50.6 47.5 
X20_Z3.2 869.1 4429.4 690.4 2003.0 619.2 10538.5 1228.0 3800.3 52.1 42.1 
X20_Z3.3 731.8 3690.3 594.6 1676.6 503.4 7890.5 1054.4 3344.2 43.6 27.9 
X20_Z6.1 591.0 3184.2 462.8 1061.4 212.1 2291.1 256.7 4212.0 44.6 41.7 
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X20_Z6.2 739.3 3846.7 587.3 1416.0 279.2 3270.1 330.2 4412.8 43.4 49.8 
X20_Z6.3 645.9 3576.8 575.3 1360.0 248.6 2647.7 279.7 3949.7 36.9 49.5 
X20_Z15 456.0 2976.9 609.3 2002.0 520.3 7869.7 1162.5 4088.4 145.4 42.2 
X20_Z11 723.2 3521.6 575.4 2027.4 698.6 12346.2 1438.0 4596.2 75.4 45.1 
X20_Z8 281.5 1718.9 293.8 661.2 154.4 1886.8 183.8 4260.1 40.3 26.3 
X28_B5_F1_TS01.1 1191.8 5595.0 739.8 2301.9 883.0 15861.2 2746.4 3659.3 105.2 62.2 
X28_B5_F1_TS01.2 1441.5 5253.1 595.6 1396.7 371.5 5252.1 881.4 4425.9 57.1 139.7 
X28_B5_F1_TS01.3 2289.0 7888.5 913.4 2019.4 489.8 6753.3 1078.6 5011.1 65.7 185.3 
X28_B5_F1_TS02 582.9 3234.9 505.4 1189.4 262.3 3028.7 438.5 3899.3 166.3 174.1 
X28_B5_F1_TS03.1 1442.9 4143.3 424.1 937.7 236.3 3043.6 467.5 4539.5 64.5 185.3 
X28_B5_F1_TS03.2 1674.5 5797.2 670.1 1490.1 369.5 5168.7 858.7 4257.0 53.9 164.3 
X28_B5_F1_TS04.1 1568.6 6058.0 725.7 1636.7 442.6 6188.2 934.1 4478.8 55.4 122.4 
X28_B5_F1_TS04.2 1197.7 3961.8 507.5 1015.3 204.2 2844.7 370.2 4010.4 52.0 156.1 
X28_B5_F1_TS04.3 1416.7 4313.8 432.6 949.5 231.1 3141.2 470.2 4272.5 56.3 170.3 
X28_B5_F1_TS05.1 1148.8 3702.4 412.9 830.6 172.2 1833.7 287.1 4538.8 44.1 142.3 
X28_B5_F1_TS05.2 1085.0 3605.1 421.9 925.2 201.0 2234.8 324.4 4747.4 50.6 135.9 
X28_B5_F1_TS07 469.2 1627.6 238.8 747.4 198.8 2403.7 351.0 4520.7 48.4 45.4 
X28_B5_F1_TS09 505.5 2837.3 459.0 1179.3 267.0 3325.6 507.0 4589.1 48.0 74.3 
X28_B5_F1_TS10 573.0 3246.5 519.0 1315.3 288.3 3595.8 559.7 3920.3 41.9 81.2 
X28_B5_F1_TS12 1116.5 4441.7 508.1 1135.1 296.2 4571.1 754.1 3832.0 44.1 48.4 
X28_B5_F1_TS13.1 1309.9 5432.0 633.1 1562.2 379.5 4800.2 707.9 4551.0 54.9 118.2 
X28_B5_F1_TS13.2 1456.1 4924.5 526.8 1126.3 274.2 3415.4 534.1 4681.6 54.0 105.7 
X28_B5_F1_TS18 1586.1 5100.7 495.2 1095.0 269.2 3666.2 607.4 4889.3 59.9 176.7 
X28_B5_F1_TS19 1574.6 6497.8 690.2 1090.3 176.4 1546.0 214.8 4678.7 42.0 407.3 
X28_B5_F1_TS20 1449.8 5457.7 568.3 1037.5 153.8 1525.7 222.1 4825.2 48.8 296.2 
X28_B7_F1_TS01.1 1478.3 4902.8 476.2 982.2 256.7 3792.1 453.5 3624.3 62.8 206.9 
X28_B7_F1_TS01.2 1726.9 7183.2 726.3 1749.7 433.4 6510.2 884.7 4405.5 71.6 215.1 
X28_B7_F1_TS02.1 1864.5 5696.6 624.7 1227.6 324.5 4563.4 547.6 4814.1 82.9 165.4 
X28_B7_F1_TS02.2 1524.0 5446.3 666.6 1633.7 521.1 9008.1 954.3 3645.9 73.7 282.4 
  326 
Analysis No. Tb Dy Ho Er Tm Yb Lu Hf Ta Pb 
X28_B7_F1_TS02.3 1519.8 5104.8 548.4 1380.6 364.1 5443.3 602.6 4844.2 75.9 1148.4 
X28_B7_F1_TS03.1 1139.0 3576.8 391.7 724.7 155.8 1998.6 249.6 4474.3 62.0 164.7 
X28_B7_F1_TS03.2 1327.5 4984.7 565.8 1255.5 331.6 4460.0 685.7 4388.9 72.5 128.4 
X28_B7_F1_TS04 672.5 2328.5 301.1 829.0 255.9 4536.3 656.0 4169.9 60.5 164.5 
X28_B7_F1_TS05.1 1201.7 4302.4 482.5 1044.3 219.2 2785.6 295.3 4813.2 55.9 168.8 
X28_B7_F1_TS05.2 1928.4 7904.3 1019.9 2366.4 643.6 9926.4 1379.5 5608.0 67.1 116.6 
X28_B7_F1_TS05.3 1466.3 5634.5 624.8 1313.4 318.9 4371.4 553.9 3397.2 50.5 118.4 
X28_B7_F1_TS06.1 968.5 3574.6 412.4 948.6 214.3 2764.6 322.1 4355.2 64.6 345.7 
X28_B7_F1_TS06.2 782.3 3182.9 383.4 880.6 193.0 2267.4 279.4 3535.1 50.4 1507.0 
X28_B7_F1_TS07 1125.5 7420.6 1153.2 2397.3 470.0 5301.1 526.8 3664.0 57.4 157.1 
X28_B7_F1_TS08.1 1474.2 4564.1 440.0 889.2 195.2 2476.9 309.8 4273.6 69.1 201.7 
X28_B7_F1_TS08.2 1635.8 4674.7 470.5 974.0 230.8 3074.7 453.7 4032.6 55.0 202.4 
X28_B7_F1_TS08.3 1355.2 4268.3 466.9 958.3 200.4 2603.2 374.9 4909.9 53.9 277.0 
X28_B7_F1_TS09 624.7 3248.6 451.2 1107.3 259.9 3744.3 412.2 3833.1 48.9 2498.3 
X28_B7_F1_TS10.1 1242.3 3545.0 366.1 821.1 237.5 3304.2 448.5 4147.7 67.3 150.9 
X28_B7_F1_TS10.2 1659.0 5286.9 521.5 1102.8 257.1 3145.6 465.9 4884.7 73.2 145.5 
X28_B7_F1_TS11 1606.4 5006.5 587.4 1218.0 230.1 2916.5 332.9 5397.2 92.5 244.7 
NTZ-6_B4_Z1 835.0 3103.8 436.2 1214.1 305.9 3720.6 501.6 2734.7 98.0 151.9 
NTZ-6_B4_Z2 793.5 3106.6 440.1 1217.1 309.5 4032.0 499.1 3379.1 110.7 344.7 
NTZ-6_B4_Z6 395.1 2390.0 462.9 1548.8 421.7 5678.7 689.3 3789.1 103.4 49.5 
NTZ-6_B4_Z8.1 909.3 3214.5 480.2 1356.0 325.2 4526.6 521.0 4066.9 110.8 339.2 
NTZ-6_B4_Z8.2 1382.9 5931.5 824.4 2362.4 600.4 8695.6 985.1 2836.8 110.3 219.9 
NTZ-6_B4_Z8.3 863.0 3266.2 461.8 1247.6 314.4 4221.0 528.1 3470.0 113.2 330.4 
AN8_B3_TS01.2 201.8 2310.0 630.9 2432.1 657.2 8583.2 1260.6 5541.7 143.1 157.2 
AN8_B3_TS02.1 102.9 764.3 240.6 1132.2 273.9 4084.8 693.8 1021.9 126.1 111.7 
AN8_B3_TS02.2 402.0 2502.3 529.9 2234.3 912.6 13537.0 2855.8 2484.7 126.1 100.7 
AN8_B3_TS08 483.7 4670.0 1122.9 3688.6 817.5 8896.3 1185.0 4692.8 150.6 67.0 
AN8_B8_TS03.1 256.5 2758.2 671.8 2278.0 561.7 6042.8 683.5 5781.2 111.6 75.5 
AN8_B8_TS03.2 204.1 2296.4 624.3 2212.6 535.6 6068.6 746.8 7248.8 136.7 127.7 
  327 
Analysis No. Tb Dy Ho Er Tm Yb Lu Hf Ta Pb 
AN8_B8_TS04 341.9 3622.1 922.1 3100.2 667.0 6571.0 814.4 5797.6 133.5 71.1 
AN8_B8_TS05 355.5 3967.8 991.4 3222.5 699.8 7069.7 755.0 5633.1 101.1 57.4 
AN8_B8_TS06 234.8 2564.9 646.5 2460.0 475.9 3779.0 559.8 4497.9 81.0 58.0 
AN8_B8_TS07 244.6 2323.8 601.6 2112.3 440.7 4666.1 586.8 4579.2 153.2 74.8 
AN8_B4_TS04.1 350.1 3412.0 866.7 3079.5 793.6 10054.3 1482.1 4735.2 133.6 85.4 
AN8_B4_TS04.2 250.2 2813.0 718.2 2500.2 583.3 6359.9 952.8 5056.9 92.7 137.4 
AN8_B4_TS05.1 272.1 2712.0 669.9 2368.6 582.3 7187.9 1097.9 4879.8 170.1 166.5 
AN8_B4_TS05.2 286.6 2838.6 676.5 2094.6 472.7 5474.6 760.1 4895.5 116.6 123.1 
AN8_B11_TS01 185.9 1943.5 496.4 1731.6 459.5 6484.9 958.9 4573.8 146.2 61.5 
AN8_B11_TS02.1 185.1 1915.7 495.5 1813.5 507.7 7095.4 1119.2 4731.6 165.7 63.6 
AN8_B11_TS02.2 141.3 1478.0 407.1 1542.3 412.4 5579.9 816.8 5002.5 149.3 62.2 
AN8_B3_TS09 425.3 4229.9 1034.9 3504.3 730.2 7925.4 1120.4 5307.9 125.6 164.1 
AN8_B4_TS06 201.8 2224.7 574.6 2188.0 558.5 7035.7 1126.5 4004.0 107.8 119.2 
AN8_B4_TS07 240.9 2545.7 655.5 2347.2 565.3 6739.5 1025.1 4886.9 92.7 95.7 
AN8_B4_TS08 320.2 3388.0 896.1 3170.0 711.6 8292.9 1210.1 5242.2 126.8 141.2 
AN8_B11_TS03 147.0 1570.4 412.2 1476.7 372.9 4325.7 627.2 6062.4 162.8 64.7 
AN8_B11_TS04.1 689.1 8092.4 1994.2 6810.7 1380.5 12825.4 1269.9 6865.0 213.4 111.1 
AN8_B11_TS04.2 408.0 4611.4 1223.5 4147.7 867.1 8872.7 1002.1 9129.5 243.6 97.2 
X24_Z1 157.2 1038.7 257.8 1147.6 455.8 11807.9 1776.1 2878.8 50.8 100.3 
X24_Z2 210.7 1379.8 305.2 1288.5 533.5 12262.4 1954.9 3005.0 55.0 77.7 
X24_Z3 153.9 1075.3 259.4 1191.6 478.2 8754.0 1377.3 2905.8 53.6 106.5 
X24_Z4 167.9 1357.7 297.0 1308.7 641.3 12336.0 1987.1 3513.3 56.3 101.5 
X24_Z5 210.7 1375.7 321.6 1345.5 521.3 9868.3 1743.2 2978.9 79.5 160.4 
X24_Z7.1 251.4 1305.1 266.1 1038.0 414.8 8969.0 1211.3 1117.9 93.5 120.8 
X24_Z7.2 397.7 2071.6 386.7 1598.0 608.1 11887.5 1516.1 1406.2 85.1 101.9 
X24_Z8.1 130.3 680.5 140.2 595.7 210.5 4152.0 565.0 784.3 145.5 159.7 
X24_Z8.2 123.2 639.5 123.7 456.1 196.2 4060.1 495.5 685.2 128.2 173.2 
X24_Z9 495.4 2546.8 466.4 2009.6 629.5 10841.2 1260.5 1150.1 132.2 129.9 
X24_Z10 1106.3 5487.8 858.6 3952.7 855.9 19366.5 1721.8 918.3 126.2 175.4 
  328 
Analysis No. Tb Dy Ho Er Tm Yb Lu Hf Ta Pb 
X24_Z11.1 245.8 1390.2 291.7 1206.4 442.9 9657.0 1604.5 1855.2 57.1 78.0 
X24_Z11.2 195.9 970.7 169.8 699.8 257.2 4666.1 746.8 1239.6 88.3 171.0 
X24_Z11.3 203.5 1088.5 192.5 715.1 267.1 6097.5 727.3 1180.0 89.0 161.7 
X24_Z12.1 252.9 1426.7 298.2 1212.5 448.0 9937.4 1566.5 1887.6 58.7 76.6 
X24_Z12.2 209.2 1242.4 262.2 1138.7 411.9 9522.5 1631.4 1688.2 57.0 78.9 
X24_Z13.1 162.1 822.1 163.3 662.6 277.9 6072.8 1142.5 1918.8 40.0 80.7 
X24_Z13.2 229.0 1146.1 214.6 869.6 373.5 7539.7 1247.8 1284.5 59.5 58.0 
X24_Z14 477.7 2258.0 423.1 1566.0 528.9 10492.2 1509.3 2191.4 49.8 80.6 
X24_Z15 369.5 1747.5 319.0 1090.5 412.3 8418.9 1188.5 2269.4 43.4 57.8 
X24_Z16 257.3 1331.0 253.1 1040.9 418.8 10576.3 1824.9 1829.5 55.5 143.1 
F7_Z1 254.4 1591.6 306.8 765.7 128.6 803.3 68.1 4245.9 32.2 303.1 
F7_Z2 202.6 1327.2 203.6 457.2 54.5 295.6 23.3 4120.6 17.5 514.4 
F7_Z3.1 278.3 1734.5 302.4 731.4 90.0 585.3 43.3 4191.1 29.6 220.6 
F7_Z3.2 675.3 4557.0 711.7 1683.9 236.2 1449.5 118.4 4677.4 61.3 206.7 
F7_Z4.1 309.4 1906.6 342.0 757.4 95.6 619.9 50.1 4151.9 33.9 217.0 
F7_Z4.2 290.3 1898.8 364.3 755.9 114.2 670.5 59.6 3937.4 31.2 211.9 
F7_Z5 216.3 1454.6 254.3 653.1 106.3 685.7 56.6 4099.2 39.0 405.4 
F7_Z7 314.3 2112.7 406.9 1032.6 152.6 1034.9 85.2 4273.3 47.3 505.4 
F7_Z8 471.2 3071.6 561.7 1263.1 161.5 971.8 78.9 4226.1 19.6 519.9 
F7_Z9 307.0 2074.6 360.3 931.6 133.7 908.9 78.1 4440.6 47.4 204.2 
F7_Z10 359.8 2237.8 395.7 1020.3 155.7 1146.2 99.0 6236.7 45.1 218.0 
F7_Z11 340.6 2447.1 433.5 1095.7 165.8 1217.0 101.5 4531.5 44.8 205.5 
F7_Z12 298.1 1647.4 278.7 659.9 103.9 600.4 59.9 3869.7 48.5 223.5 
FZ_Z14 510.6 3067.9 563.2 1358.2 184.4 1196.8 102.5 4403.7 52.3 171.9 
FZ_Z15 340.8 2073.3 392.0 1037.5 149.2 1059.5 87.3 4270.6 44.6 222.8 
AN6_B6 Z1 227.0 1524.0 266.6 680.2 112.3 714.1 59.8 4391.2 40.5 373.4 
AN6_B6 Q1.1 329.8 2213.7 426.7 1075.3 161.3 1079.1 90.2 4585.0 49.1 458.2 
AN6_B6 Q1.2 803.3 5311.3 987.9 1984.8 282.2 1977.7 130.5 4818.3 60.5 214.4 
AN6_B6 Q1.3 494.4 3218.6 589.0 1315.3 170.7 1013.3 83.5 4534.3 20.4 471.3 
  329 
Analysis No. Tb Dy Ho Er Tm Yb Lu Hf Ta Pb 
AN6_B8 Z1 320.9 2168.4 377.3 966.5 140.4 946.3 81.8 4746.1 49.1 189.4 
AN6_B2 Z1.1 451.2 2807.2 497.5 1270.1 196.0 1432.6 124.3 7997.4 56.1 244.1 
AN6_B2 Z1.2 427.2 3069.8 545.0 1363.9 208.7 1521.2 127.4 5810.8 55.7 230.1 
AN1_B12_TS01 608.7 5424.0 1171.7 3182.3 498.8 3895.2 486.5 5085.2 56.7 302.1 
AN1_B11_TS01 56.6 561.7 162.2 546.4 115.3 954.5 107.6 8779.8 10.0 72.2 
AN1_B8_TS02 127.1 1023.3 236.3 688.7 129.3 1067.5 119.9 8501.2 31.5 103.2 
AN1_B8_TS03 29.8 270.8 70.0 229.8 44.7 449.6 59.2 8698.5 9.7 31.9 
AN1_B8_TS04 47.7 452.6 124.1 467.3 101.3 939.1 121.6 6704.6 17.3 69.8 
AN1_B8_TS05.1 46.0 425.0 106.0 345.3 64.0 616.2 77.0 7773.1 5.1 59.9 
AN1_B8_TS05.2 30.8 304.2 85.4 300.1 60.2 605.4 84.2 6492.6 8.5 50.2 
AN1_B8_TS05.3 24.0 249.3 72.5 274.8 59.0 575.7 78.2 5599.8 6.5 37.6 
AN1_B2_TS01 69.4 736.2 218.1 769.2 164.5 1411.4 142.5 8409.5 11.5 74.1 
AN1_B2_TS02.1 77.1 760.6 199.8 666.0 130.5 1120.2 117.9 8066.7 17.9 144.5 
AN1_B2_TS02.2 56.5 586.2 161.0 567.8 112.8 954.3 96.4 7393.0 11.1 59.6 
AN1_B2_TS03.1 62.8 617.2 163.9 556.1 104.7 919.3 95.1 6475.4 18.0 52.8 
AN1_B2_TS03.2 54.7 529.7 156.8 508.3 99.5 866.0 93.7 9107.7 16.2 32.7 
AN1_B8'_TS01.1 64.2 641.9 174.5 594.8 107.1 967.3 114.6 6478.4 22.3 53.7 
AN1_B8'_TS01.2 231.5 2759.3 669.5 1954.0 360.9 3852.3 537.7 6323.7 45.8 69.4 
AN1_B8'_TS02.1 40.0 397.5 112.1 381.9 70.5 599.6 68.3 7231.3 17.4 33.3 
AN1_B8'_TS02.2 78.3 743.1 198.8 659.4 119.1 1028.5 132.1 6891.1 28.3 69.7 
AN1_B8_TS06 43.8 477.0 134.5 505.9 111.6 966.3 103.7 20527.4 6.1 161.9 
AN3_Z1 51.8 408.5 89.8 285.5 47.3 378.5 35.9 7865.6 3.7 23.2 
AN3_Z2.1 58.5 586.9 152.1 510.3 88.3 784.1 54.3 5409.7 6.7 93.9 
AN3_Z2.2 59.1 422.6 98.0 315.7 61.8 520.6 41.7 5350.9 4.0 71.8 
AN3_Z3.1 156.4 1369.0 276.9 875.7 147.1 1166.8 102.9 8188.2 9.3 415.2 
AN3_Z3.2 111.1 866.4 210.4 699.5 120.1 1046.4 74.1 6292.8 7.4 169.4 
AN3_Z4.1 57.7 546.9 135.2 403.4 73.0 607.6 46.4 5306.1 16.2 248.0 
AN3_Z4.2 51.7 430.0 111.3 345.8 59.5 539.1 39.0 4969.5 14.4 200.7 
AN3_Z5 68.7 599.8 141.7 438.0 80.4 723.5 52.3 7247.9 4.5 96.0 
  330 
Analysis No. Tb Dy Ho Er Tm Yb Lu Hf Ta Pb 
AN3_Z6 70.4 616.8 157.6 473.7 87.2 774.2 54.7 5603.6 5.1 90.0 
AN3_Z7 56.4 453.4 109.7 335.3 59.5 433.8 40.8 6069.3 3.1 76.3 
AN3_Z8.1 89.1 852.7 218.2 647.4 113.9 860.1 72.3 5535.4 4.6 128.2 
AN3_Z8.2 74.4 684.3 173.0 525.7 95.2 723.1 66.3 5693.9 4.8 90.0 
AN3_Z8.3 84.0 686.9 176.8 495.9 89.5 711.1 65.2 5268.5 4.0 69.1 
AN3_Z9.1 92.2 776.7 206.0 598.7 109.0 813.1 69.9 5514.8 9.5 185.2 
AN3_Z9.2 87.2 805.4 202.8 610.0 104.8 861.7 68.8 5397.0 6.9 133.9 
AN3_Z11 52.5 344.9 90.0 267.2 57.5 429.9 49.3 9672.9 6.9 30.3 
X29_B2_TS01 147.4 1447.9 392.3 1319.8 271.2 2642.5 373.2 9837.4 34.8 91.8 
X29_B2_TS02.1 57.1 570.2 145.9 496.4 98.0 852.0 89.5 7853.6 9.8 47.5 
X29_B2_TS02.2 175.2 1336.7 321.1 891.2 155.3 1378.9 159.0 9722.9 20.2 82.4 
X29_B2_TS02.3 78.1 747.8 182.3 516.4 91.7 814.9 89.4 8750.7 10.4 49.3 
 
cont. 
Analysis No. Th U Th/U Ce/Ce* Eu/Eu* (La/Yb)N (La/Sm)N CeN (Sm/La)N 
X20_Z1 263.4 131.8 2.00 1.40 0.49 0.024 0.041 3372.81 24.57 
X20_Z2.1 455.5 135.5 3.36 1.37 0.46 0.021 0.024 2604.36 41.08 
X20_Z2.2 348.1 96.5 3.61 1.36 0.44 0.038 0.033 3143.44 30.46 
X20_Z2.3 341.0 104.6 3.26 1.25 0.47 0.008 0.022 1236.95 45.01 
X20_Z2.4 365.5 109.2 3.35 1.28 0.45 0.024 0.031 2699.27 31.78 
X20_Z2.5 246.6 147.5 1.67 0.41 0.47 0.002 0.020 1043.33 48.84 
X20_Z3.1 370.3 102.2 3.62 1.30 0.45 0.021 0.028 2960.70 35.79 
X20_Z3.2 333.5 101.0 3.30 1.25 0.52 0.004 0.017 1060.09 58.35 
X20_Z3.3 236.4 82.6 2.86 1.44 0.48 0.006 0.018 1313.76 55.88 
X20_Z6.1 259.4 86.2 3.01 1.33 0.46 0.043 0.032 2743.44 30.85 
X20_Z6.2 294.5 100.0 2.94 1.37 0.47 0.022 0.024 2012.44 41.47 
X20_Z6.3 278.9 82.8 3.37 0.53 0.44 0.035 0.031 2978.20 32.66 
  331 
Analysis No. Th U Th/U Ce/Ce* Eu/Eu* (La/Yb)N (La/Sm)N CeN (Sm/La)N 
X20_Z15 384.3 395.1 0.97 1.40 0.46 0.008 0.048 1233.38 20.69 
X20_Z11 297.2 143.3 2.07 1.36 0.52 0.007 0.029 2397.68 34.32 
X20_Z8 170.0 63.4 2.68 1.59 0.50 0.060 0.047 3986.06 21.08 
X28_B5_F1_TS01.1 1259.6 117.0 10.76 1.23 0.45 0.002 0.011 645.71 93.16 
X28_B5_F1_TS01.2 1840.2 116.9 15.75 0.36 0.47 0.009 0.005 1316.26 192.14 
X28_B5_F1_TS01.3 2613.2 152.6 17.13 1.20 0.47 0.008 0.005 1436.15 214.50 
X28_B5_F1_TS02 2357.9 733.6 3.21 1.36 0.43 0.048 0.049 2863.71 20.26 
X28_B5_F1_TS03.1 2031.8 211.2 9.62 1.26 0.47 0.019 0.005 1637.62 221.03 
X28_B5_F1_TS03.2 1804.5 186.3 9.69 1.29 0.45 0.008 0.005 1162.58 199.52 
X28_B5_F1_TS04.1 1535.3 161.7 9.49 1.35 0.48 0.008 0.006 1374.56 167.49 
X28_B5_F1_TS04.2 2450.4 194.8 12.58 0.36 0.43 0.023 0.007 1693.84 141.66 
X28_B5_F1_TS04.3 1825.1 130.2 14.02 1.27 0.46 0.015 0.004 1468.29 229.84 
X28_B5_F1_TS05.1 2214.4 95.5 23.20 1.12 0.50 0.039 0.007 1590.42 138.81 
X28_B5_F1_TS05.2 2194.0 83.9 26.14 1.33 0.46 0.033 0.009 1873.41 108.83 
X28_B5_F1_TS07 538.7 103.5 5.20 1.41 0.47 0.020 0.017 1276.20 58.03 
X28_B5_F1_TS09 1271.0 504.2 2.52 1.20 0.35 0.014 0.028 935.30 36.20 
X28_B5_F1_TS10 1487.3 622.7 2.39 1.31 0.35 0.023 0.040 1648.91 24.79 
X28_B5_F1_TS12 804.1 68.6 11.72 1.38 0.45 0.015 0.014 1485.47 71.60 
X28_B5_F1_TS13.1 1641.0 239.8 6.84 1.47 0.47 0.011 0.007 1554.42 153.47 
X28_B5_F1_TS13.2 1591.7 204.9 7.77 1.26 0.48 0.017 0.006 1538.53 157.78 
X28_B5_F1_TS18 2097.0 95.8 21.90 0.40 0.48 0.010 0.004 1332.15 261.87 
X28_B5_F1_TS19 6847.4 146.9 46.60 1.16 0.38 0.032 0.005 1171.85 200.69 
X28_B5_F1_TS20 4472.6 111.0 40.28 1.18 0.46 0.026 0.004 1026.27 238.61 
X28_B7_F1_TS01.1 2013.2 97.4 20.68 1.28 0.47 0.010 0.003 1260.43 291.30 
X28_B7_F1_TS01.2 3339.5 106.2 31.44 1.30 0.43 0.005 0.004 1057.81 258.37 
X28_B7_F1_TS02.1 2554.3 161.5 15.82 1.29 0.47 0.023 0.006 3022.02 161.19 
X28_B7_F1_TS02.2 1440.6 129.6 11.12 0.41 0.50 0.005 0.005 1446.37 199.45 
  332 
Analysis No. Th U Th/U Ce/Ce* Eu/Eu* (La/Yb)N (La/Sm)N CeN (Sm/La)N 
X28_B7_F1_TS02.3 2009.1 157.1 12.79 1.28 0.46 0.012 0.005 2065.21 217.00 
X28_B7_F1_TS03.1 2001.3 135.1 14.82 1.29 0.47 0.027 0.005 1670.46 201.80 
X28_B7_F1_TS03.2 1343.7 117.4 11.44 1.42 0.53 0.010 0.005 1374.09 181.92 
X28_B7_F1_TS04 1148.7 291.8 3.94 1.28 0.47 0.011 0.008 1338.42 128.41 
X28_B7_F1_TS05.1 2232.3 211.4 10.56 1.51 0.49 0.019 0.006 1741.88 171.05 
X28_B7_F1_TS05.2 1767.3 156.3 11.30 0.38 0.50 0.004 0.006 1110.23 158.87 
X28_B7_F1_TS05.3 1794.3 247.7 7.24 1.26 0.45 0.017 0.008 1794.50 122.35 
X28_B7_F1_TS06.1 2006.5 287.4 6.98 1.41 0.41 0.014 0.004 1325.51 234.94 
X28_B7_F1_TS06.2 1943.9 397.0 4.90 1.35 0.43 0.023 0.007 1440.51 141.58 
X28_B7_F1_TS07 2176.5 1196.1 1.82 1.33 0.36 0.023 0.051 2531.92 19.45 
X28_B7_F1_TS08.1 2287.7 100.9 22.68 1.30 0.47 0.018 0.003 1474.51 320.59 
X28_B7_F1_TS08.2 1706.9 131.5 12.98 0.34 0.46 0.013 0.003 1364.03 304.74 
X28_B7_F1_TS08.3 2177.9 198.2 10.99 1.28 0.46 0.018 0.004 1419.68 227.77 
X28_B7_F1_TS09 1504.1 993.4 1.51 1.46 0.43 0.019 0.029 1710.66 34.67 
X28_B7_F1_TS10.1 1756.7 138.8 12.66 1.36 0.48 0.015 0.005 1570.88 220.82 
X28_B7_F1_TS10.2 2607.8 170.1 15.33 1.23 0.45 0.024 0.007 2019.21 145.92 
X28_B7_F1_TS11 4087.6 279.5 14.62 1.29 0.40 0.031 0.008 2223.18 129.09 
NTZ-6_B4_Z1 2247.6 93.8 23.97 0.37 0.45 0.007 0.003 897.79 294.26 
NTZ-6_B4_Z2 3824.5 110.4 34.65 1.17 0.45 0.033 0.013 2664.68 74.14 
NTZ-6_B4_Z6 2109.8 1549.0 1.36 1.31 0.38 0.017 0.022 2572.00 45.45 
NTZ-6_B4_Z8.1 4634.3 98.6 47.02 1.52 0.47 0.009 0.003 1681.36 315.31 
NTZ-6_B4_Z8.2 2421.5 124.9 19.39 1.39 0.43 0.004 0.004 1130.65 245.89 
NTZ-6_B4_Z8.3 3797.7 97.9 38.80 0.34 0.44 0.010 0.003 1427.53 297.24 
AN8_B3_TS01.2 969.5 1436.4 0.67 1.01 0.42 0.012 0.325 652.82 3.08 
AN8_B3_TS02.1 265.9 272.7 0.97 0.92 0.44 0.009 0.157 330.42 6.38 
AN8_B3_TS02.2 396.4 180.1 2.20 1.26 0.46 0.002 0.017 546.29 59.03 
AN8_B3_TS08 1158.0 804.1 1.44 0.43 0.40 0.013 0.092 1617.62 10.85 
  333 
Analysis No. Th U Th/U Ce/Ce* Eu/Eu* (La/Yb)N (La/Sm)N CeN (Sm/La)N 
AN8_B8_TS03.1 1061.2 1208.7 0.88 0.93 0.46 0.017 0.210 726.72 4.76 
AN8_B8_TS03.2 1482.0 1195.3 1.24 0.89 0.48 0.021 0.303 766.05 3.30 
AN8_B8_TS04 951.8 833.8 1.14 1.15 0.43 0.012 0.098 988.30 10.24 
AN8_B8_TS05 661.2 904.8 0.73 1.20 0.44 0.009 0.092 846.45 10.85 
AN8_B8_TS06 815.4 471.6 1.73 0.88 0.43 0.017 0.130 510.87 7.70 
AN8_B8_TS07 1365.8 614.4 2.22 0.66 0.57 0.014 0.104 1209.71 9.57 
AN8_B4_TS04.1 1021.3 725.7 1.41 1.17 0.42 0.017 0.132 2450.95 7.59 
AN8_B4_TS04.2 842.1 1551.0 0.54 1.24 0.50 0.010 0.132 818.60 7.59 
AN8_B4_TS05.1 1529.2 536.8 2.85 1.27 0.42 0.033 0.214 3883.66 4.67 
AN8_B4_TS05.2 1294.9 383.8 3.37 1.35 0.38 0.042 0.224 4276.74 4.46 
AN8_B11_TS01 534.0 301.7 1.77 0.97 0.41 0.022 0.487 971.73 2.05 
AN8_B11_TS02.1 544.6 292.9 1.86 0.41 0.42 0.016 0.413 806.91 2.42 
AN8_B11_TS02.2 472.6 509.9 0.93 0.73 0.41 0.057 0.917 1209.72 1.09 
AN8_B3_TS09 1284.6 679.2 1.89 1.19 0.40 0.016 0.103 1757.17 9.68 
AN8_B4_TS06 994.9 1716.7 0.58 1.24 0.52 0.005 0.098 458.20 10.20 
AN8_B4_TS07 945.2 1580.6 0.60 1.28 0.49 0.008 0.099 774.85 10.09 
AN8_B4_TS08 1417.1 1690.3 0.84 1.13 0.43 0.020 0.234 2020.95 4.27 
AN8_B11_TS03 419.7 270.9 1.55 1.28 0.38 0.086 0.877 4299.47 1.14 
AN8_B11_TS04.1 910.7 1709.2 0.53 1.24 0.46 0.005 0.067 874.61 14.91 
AN8_B11_TS04.2 891.3 1398.9 0.64 1.09 0.50 0.006 0.093 551.35 10.74 
X24_Z1 988.2 1372.3 0.72 1.47 0.67 0.001 0.025 197.17 39.80 
X24_Z2 1046.0 1623.4 0.64 1.44 0.64 0.001 0.023 303.16 43.60 
X24_Z3 1160.9 1903.9 0.61 1.29 0.75 0.001 0.029 221.47 34.89 
X24_Z4 1414.9 1592.6 0.89 0.99 0.68 0.006 0.170 607.50 5.88 
X24_Z5 1176.8 1996.3 0.59 1.62 0.63 0.001 0.020 296.80 49.40 
X24_Z7.1 1805.2 963.4 1.87 1.17 0.38 0.094 0.582 8168.18 1.72 
X24_Z7.2 1860.1 1922.1 0.97 1.35 0.45 0.016 0.164 2568.14 6.11 
  334 
Analysis No. Th U Th/U Ce/Ce* Eu/Eu* (La/Yb)N (La/Sm)N CeN (Sm/La)N 
X24_Z8.1 1961.4 257.9 7.60 1.86 0.44 0.198 1.803 9893.46 0.55 
X24_Z8.2 2067.1 232.0 8.91 1.62 0.43 0.242 1.997 9327.86 0.50 
X24_Z9 3378.7 1388.3 2.43 1.86 0.50 0.045 0.305 10105.60 3.28 
X24_Z10 3249.6 1370.5 2.37 1.61 0.59 0.024 0.217 7437.65 4.60 
X24_Z11.1 1718.1 2046.7 0.84 0.93 0.48 0.011 0.145 787.45 6.88 
X24_Z11.2 2425.2 563.8 4.30 1.03 0.45 0.109 0.627 4083.12 1.60 
X24_Z11.3 2468.7 695.6 3.55 0.95 0.51 0.074 0.374 3475.27 2.67 
X24_Z12.1 1814.9 2027.7 0.90 0.90 0.47 0.011 0.142 767.88 7.03 
X24_Z12.2 1511.6 2059.7 0.73 1.15 0.49 0.004 0.071 533.58 14.04 
X24_Z13.1 1071.2 1406.9 0.76 1.30 0.49 0.006 0.064 661.00 15.51 
X24_Z13.2 2076.8 572.5 3.63 1.13 0.44 0.006 0.068 627.40 14.62 
X24_Z14 1676.2 2172.9 0.77 1.27 0.44 0.004 0.032 866.81 31.30 
X24_Z15 3850.5 1546.2 2.49 1.31 0.42 0.005 0.031 729.00 32.30 
X24_Z16 6785.8 2032.5 3.34 1.33 0.42 0.003 0.036 551.41 27.43 
F7_Z1 3805.7 2779.0 1.37 1.89 0.41 0.125 0.087 3177.19 11.46 
F7_Z2 2341.9 1308.5 1.79 2.05 0.45 0.360 0.065 4588.92 15.42 
F7_Z3.1 2744.2 2611.3 1.05 2.07 0.42 0.180 0.086 3698.23 11.63 
F7_Z3.2 3525.9 2985.1 1.18 1.73 0.55 0.133 0.101 4740.71 9.95 
F7_Z4.1 2744.9 1963.2 1.40 1.48 0.44 0.312 0.138 4068.63 7.23 
F7_Z4.2 2990.4 2057.7 1.45 1.57 0.40 0.177 0.089 3401.47 11.28 
F7_Z5 2253.7 2227.5 1.01 1.89 0.43 0.143 0.087 3460.42 11.44 
F7_Z7 5380.7 3279.6 1.64 1.87 0.46 0.079 0.064 2839.38 15.55 
F7_Z8 5315.0 2371.4 2.24 1.78 0.44 0.095 0.067 3011.99 14.88 
F7_Z9 5334.1 2661.8 2.00 1.88 0.46 0.106 0.074 3217.41 13.48 
F7_Z10 5040.3 2487.4 2.03 1.15 0.45 0.192 0.166 3349.79 6.02 
F7_Z11 6447.2 2536.0 2.54 1.69 0.59 0.081 0.074 2830.98 13.51 
F7_Z12 2112.6 2647.5 0.80 1.40 0.36 0.201 0.133 2530.40 7.53 
  335 
Analysis No. Th U Th/U Ce/Ce* Eu/Eu* (La/Yb)N (La/Sm)N CeN (Sm/La)N 
FZ_Z14 2251.7 2602.8 0.87 1.63 0.52 0.163 0.123 4299.49 8.16 
FZ_Z15 3879.7 2549.6 1.52 1.50 0.46 0.214 0.164 4312.66 6.09 
AN6_B6 Z1 2376.7 2061.7 1.15 1.80 0.42 0.140 0.088 3335.03 11.42 
AN6_B6 Q1.1 5677.0 2993.1 1.90 1.78 0.45 0.077 0.064 2719.62 15.52 
AN6_B6 Q1.2 2257.6 2867.2 0.79 1.71 0.54 0.105 0.103 4650.04 9.71 
AN6_B6 Q1.3 5607.8 2164.2 2.59 1.69 0.42 0.093 0.067 2884.95 14.85 
AN6_B8 Z1 5616.2 2491.4 2.25 1.80 0.45 0.104 0.074 3100.34 13.51 
AN6_B2 Z1.1 6370.0 2813.3 2.26 1.10 0.44 0.186 0.166 3882.35 6.04 
AN6_B2 Z1.2 8148.1 2868.3 2.84 1.62 0.58 0.079 0.074 3281.06 13.55 
AN1_B12_TS01 4662.5 1381.8 3.37 2.61 0.43 0.012 0.077 1357.10 13.02 
AN1_B11_TS01 692.7 212.4 3.26 3.91 0.40 0.002 0.043 102.19 23.31 
AN1_B8_TS02 755.7 486.9 1.55 4.01 0.42 0.006 0.048 240.89 20.97 
AN1_B8_TS03 298.3 171.7 1.74 0.44 0.40 0.442 5.560 536.55 0.18 
AN1_B8_TS04 529.9 554.6 0.96 1.32 0.43 0.069 1.122 392.29 0.89 
AN1_B8_TS05.1 721.0 150.8 4.78 1.68 0.41 0.009 0.114 81.75 8.74 
AN1_B8_TS05.2 555.9 189.4 2.93 0.98 0.42 0.033 0.492 105.37 2.03 
AN1_B8_TS05.3 415.5 227.7 1.82 1.87 0.41 0.006 0.152 53.22 6.59 
AN1_B2_TS01 428.6 375.3 1.14 11.31 0.41 0.001 0.013 131.45 75.45 
AN1_B2_TS02.1 749.6 522.2 1.44 7.33 0.39 0.003 0.036 308.29 27.59 
AN1_B2_TS02.2 375.2 324.8 1.16 16.14 0.39 0.001 0.010 131.91 98.08 
AN1_B2_TS03.1 354.0 393.5 0.90 20.89 0.40 0.001 0.009 183.10 117.49 
AN1_B2_TS03.2 234.0 250.7 0.93 5.16 0.39 0.002 0.037 121.05 27.20 
AN1_B8'_TS01.1 798.0 335.8 2.38 7.93 0.38 0.002 0.034 180.34 29.68 
AN1_B8'_TS01.2 3814.1 370.3 10.30 1.89 0.40 0.005 0.078 328.06 12.84 
AN1_B8'_TS02.1 387.6 276.0 1.40 13.80 0.38 0.002 0.028 131.22 35.89 
AN1_B8'_TS02.2 1029.2 443.0 2.32 6.33 0.37 0.003 0.046 206.86 21.62 
AN1_B8_TS06 2057.3 189.6 10.85 2.36 0.41 0.006 0.144 95.40 6.92 
  336 
Analysis No. Th U Th/U Ce/Ce* Eu/Eu* (La/Yb)N (La/Sm)N CeN (Sm/La)N 
AN3_Z1 772.0 540.8 1.43 1.43 0.98 0.007 0.018 58.77 55.03 
AN3_Z2.1 814.9 885.9 0.92 2.22 1.03 0.003 0.020 84.69 50.64 
AN3_Z2.2 2975.7 1073.5 2.77 1.38 0.87 0.010 0.036 83.47 27.48 
AN3_Z3.1 9214.8 1247.5 7.39 1.52 0.75 0.006 0.016 190.01 63.66 
AN3_Z3.2 3133.8 891.1 3.52 1.57 0.71 0.004 0.016 109.53 62.06 
AN3_Z4.1 1833.1 1138.0 1.61 4.44 0.91 0.008 0.053 187.69 18.97 
AN3_Z4.2 1459.6 1148.1 1.27 4.07 1.15 0.005 0.032 142.66 31.26 
AN3_Z5 629.5 908.3 0.69 1.53 0.73 0.004 0.025 51.23 39.53 
AN3_Z6 732.0 1046.7 0.70 2.52 0.82 0.002 0.016 71.70 60.95 
AN3_Z7 621.4 1063.5 0.58 1.70 0.86 0.007 0.029 71.76 34.52 
AN3_Z8.1 1006.0 844.5 1.19 2.93 0.85 0.002 0.014 83.93 71.29 
AN3_Z8.2 801.9 658.2 1.22 3.09 0.76 0.002 0.012 58.33 81.48 
AN3_Z8.3 684.4 621.2 1.10 1.73 0.88 0.004 0.019 71.32 52.15 
AN3_Z9.1 1882.5 1267.0 1.49 2.33 1.34 0.007 0.035 178.12 28.98 
AN3_Z9.2 1288.4 1122.8 1.15 2.49 0.87 0.004 0.027 119.94 37.13 
AN3_Z11 489.1 671.1 0.73 1.92 0.95 0.007 0.033 75.90 30.50 
X29_B2_TS01 2795.9 338.0 8.27 1.94 0.41 0.002 0.046 110.91 21.73 
X29_B2_TS02.1 682.2 299.2 2.28 2.17 0.45 0.003 0.044 56.43 22.89 
X29_B2_TS02.2 1811.9 279.2 6.49 1.69 0.46 0.005 0.055 111.44 18.29 
X29_B2_TS02.3 957.8 131.3 7.30 1.48 0.44 0.005 0.069 62.27 14.44 
 
 
cont. 
Analysis No. ΣREE Ho/Y T1 T3 T4 T 
X20_Z1 26831.15 0.048 0.629 0.128 0.547 0.398 
X20_Z2.1 32065.71 0.045 0.525 0.271 0.455 0.375 
X20_Z2.2 27489.50 0.038 0.478 0.190 0.415 0.323 
  337 
Analysis No. ΣREE Ho/Y T1 T3 T4 T 
X20_Z2.3 26864.83 0.043 0.388 0.244 0.570 0.438 
X20_Z2.4 28332.80 0.045 0.460 0.196 0.606 0.450 
X20_Z2.5 41062.51 0.046 0.343 0.200 0.829 0.603 
X20_Z3.1 30554.39 0.045 0.693 0.175 0.546 0.406 
X20_Z3.2 31098.78 0.041 0.353 0.261 0.785 0.585 
X20_Z3.3 26470.26 0.041 0.619 0.196 0.605 0.450 
X20_Z6.1 22508.09 0.043 0.670 0.180 0.422 0.324 
X20_Z6.2 23688.19 0.044 0.573 0.196 0.528 0.398 
X20_Z6.3 23845.17 0.046 0.787 0.157 0.423 0.319 
X20_Z15 21704.55 0.043 0.389 0.137 0.436 0.323 
X20_Z11 35582.77 0.043 0.472 0.301 0.871 0.652 
X20_Z8 19601.84 0.038 0.894 0.067 0.666 0.474 
X28_B5_F1_TS01.1 41217.01 0.048 0.244 0.299 0.558 0.448 
X28_B5_F1_TS01.2 42814.32 0.046 0.338 0.119 0.328 0.247 
X28_B5_F1_TS01.3 58140.50 0.052 0.325 0.181 0.319 0.259 
X28_B5_F1_TS02 21887.30 0.048 0.485 0.107 0.296 0.222 
X28_B5_F1_TS03.1 46844.21 0.053 0.300 0.098 0.342 0.252 
X28_B5_F1_TS03.2 43011.12 0.047 0.350 0.176 0.304 0.248 
X28_B5_F1_TS04.1 43128.39 0.051 0.381 0.190 0.412 0.321 
X28_B5_F1_TS04.2 37094.12 0.042 0.321 0.081 0.400 0.289 
X28_B5_F1_TS04.3 43825.73 0.045 0.348 0.126 0.362 0.271 
X28_B5_F1_TS05.1 35179.52 0.038 0.274 0.140 0.198 0.171 
X28_B5_F1_TS05.2 33480.05 0.038 0.319 0.114 0.277 0.212 
X28_B5_F1_TS07 15678.33 0.031 0.577 0.156 0.389 0.297 
X28_B5_F1_TS09 15986.45 0.048 0.412 0.181 0.293 0.244 
X28_B5_F1_TS10 18919.04 0.043 0.437 0.221 0.268 0.245 
X28_B5_F1_TS12 29407.03 0.038 0.357 0.275 0.361 0.321 
  338 
Analysis No. ΣREE Ho/Y T1 T3 T4 T 
X28_B5_F1_TS13.1 41085.96 0.047 0.373 0.097 0.350 0.257 
X28_B5_F1_TS13.2 40314.91 0.047 0.358 0.176 0.304 0.249 
X28_B5_F1_TS18 43390.78 0.046 0.479 0.198 0.294 0.251 
X28_B5_F1_TS19 39701.51 0.043 0.214 0.210 0.140 0.179 
X28_B5_F1_TS20 37265.73 0.038 0.213 0.212 0.157 0.187 
X28_B7_F1_TS01.1 46522.91 0.043 0.323 0.114 0.609 0.438 
X28_B7_F1_TS01.2 46644.50 0.050 0.401 0.259 0.479 0.385 
X28_B7_F1_TS02.1 63757.31 0.048 0.375 0.088 0.594 0.425 
X28_B7_F1_TS02.2 46705.48 0.045 0.476 0.162 0.913 0.656 
X28_B7_F1_TS02.3 54801.22 0.060 0.447 0.059 0.690 0.490 
X28_B7_F1_TS03.1 39233.63 0.042 0.349 0.075 0.427 0.307 
X28_B7_F1_TS03.2 38834.82 0.042 0.460 0.134 0.375 0.282 
X28_B7_F1_TS04 28674.23 0.037 0.314 0.049 0.593 0.421 
X28_B7_F1_TS05.1 37873.50 0.045 0.434 0.104 0.547 0.394 
X28_B7_F1_TS05.2 48937.42 0.056 0.371 0.231 0.513 0.398 
X28_B7_F1_TS05.3 42339.47 0.044 0.304 0.167 0.494 0.369 
X28_B7_F1_TS06.1 34009.39 0.045 0.380 0.080 0.508 0.364 
X28_B7_F1_TS06.2 28781.81 0.044 0.372 0.032 0.417 0.296 
X28_B7_F1_TS07 30912.85 0.053 0.491 0.397 0.525 0.466 
X28_B7_F1_TS08.1 48523.65 0.044 0.380 0.105 0.431 0.314 
X28_B7_F1_TS08.2 48043.58 0.044 0.410 0.138 0.355 0.269 
X28_B7_F1_TS08.3 41543.65 0.043 0.337 0.093 0.317 0.234 
X28_B7_F1_TS09 19820.01 0.043 0.536 0.272 0.618 0.477 
X28_B7_F1_TS10.1 41084.29 0.046 0.405 0.112 0.533 0.385 
X28_B7_F1_TS10.2 47162.05 0.047 0.334 0.197 0.319 0.265 
X28_B7_F1_TS11 45200.55 0.053 0.251 0.197 0.440 0.341 
NTZ-6_B4_Z1 30395.20 0.053 0.440 0.055 0.425 0.303 
  339 
Analysis No. ΣREE Ho/Y T1 T3 T4 T 
NTZ-6_B4_Z2 39020.00 0.053 0.146 0.104 0.521 0.375 
NTZ-6_B4_Z6 26934.00 0.051 0.453 0.059 0.586 0.416 
NTZ-6_B4_Z8.1 46722.85 0.050 0.413 0.204 0.576 0.432 
NTZ-6_B4_Z8.2 45848.93 0.053 0.397 0.061 0.636 0.452 
NTZ-6_B4_Z8.3 41801.92 0.047 0.359 0.150 0.517 0.380 
AN8_B3_TS01.2 17927.93 0.047 0.089 0.311 0.413 0.366 
AN8_B3_TS02.1 8343.98 0.042 0.404 0.303 0.302 0.302 
AN8_B3_TS02.2 28327.01 0.044 0.369 0.031 0.395 0.280 
AN8_B3_TS08 27021.51 0.051 0.215 0.240 0.341 0.295 
AN8_B8_TS03.1 15771.39 0.051 0.114 0.368 0.525 0.453 
AN8_B8_TS03.2 15049.82 0.047 0.137 0.252 0.458 0.370 
AN8_B8_TS04 19877.34 0.052 0.148 0.253 0.355 0.308 
AN8_B8_TS05 20367.86 0.053 0.202 0.347 0.483 0.421 
AN8_B8_TS06 12999.00 0.037 0.082 0.234 0.143 0.194 
AN8_B8_TS07 14117.84 0.040 0.605 0.269 0.348 0.311 
AN8_B4_TS04.1 27521.01 0.042 0.255 0.152 0.378 0.288 
AN8_B4_TS04.2 16716.59 0.048 0.324 0.341 0.281 0.313 
AN8_B4_TS05.1 23931.88 0.044 0.465 0.168 0.323 0.257 
AN8_B4_TS05.2 21878.57 0.045 0.639 0.224 0.336 0.286 
AN8_B11_TS01 14534.63 0.050 0.019 0.354 0.422 0.389 
AN8_B11_TS02.1 15175.52 0.047 0.018 0.345 0.394 0.370 
AN8_B11_TS02.2 13404.12 0.045 0.338 0.193 0.421 0.327 
AN8_B3_TS09 25026.17 0.048 0.268 0.212 0.271 0.244 
AN8_B4_TS06 15661.15 0.042 0.223 0.330 0.311 0.321 
AN8_B4_TS07 16738.19 0.045 0.345 0.318 0.307 0.313 
AN8_B4_TS08 23044.36 0.043 0.325 0.245 0.300 0.274 
AN8_B11_TS03 15505.40 0.048 0.417 0.283 0.358 0.323 
  340 
Analysis No. ΣREE Ho/Y T1 T3 T4 T 
AN8_B11_TS04.1 37224.76 0.066 0.273 0.491 0.485 0.488 
AN8_B11_TS04.2 23761.80 0.055 0.076 0.385 0.422 0.404 
X24_Z1 18195.47 0.032 0.437 0.097 0.855 0.608 
X24_Z2 20278.98 0.036 0.484 0.107 0.767 0.548 
X24_Z3 14987.54 0.032 0.344 0.076 0.679 0.483 
X24_Z4 20360.86 0.036 0.059 0.124 0.807 0.577 
X24_Z5 17645.02 0.034 0.643 0.082 0.562 0.402 
X24_Z7.1 27149.73 0.033 0.336 0.105 0.894 0.636 
X24_Z7.2 25372.39 0.034 0.357 0.250 0.881 0.648 
X24_Z8.1 16794.57 0.033 1.021 0.112 0.769 0.550 
X24_Z8.2 16383.28 0.036 0.695 0.131 1.042 0.743 
X24_Z9 33412.10 0.040 1.275 0.168 0.801 0.578 
X24_Z10 48614.73 0.024 0.787 0.514 1.013 0.803 
X24_Z11.1 18278.83 0.032 0.060 0.119 0.638 0.459 
X24_Z11.2 15596.50 0.034 0.159 0.141 0.606 0.440 
X24_Z11.3 16795.76 0.034 0.242 0.131 1.014 0.723 
X24_Z12.1 18642.21 0.033 0.092 0.125 0.698 0.501 
X24_Z12.2 17122.91 0.030 0.217 0.106 0.625 0.448 
X24_Z13.1 12048.32 0.031 0.509 0.124 0.598 0.432 
X24_Z13.2 14758.95 0.035 0.230 0.174 0.705 0.513 
X24_Z14 23155.14 0.035 0.414 0.197 0.690 0.508 
X24_Z15 18455.31 0.032 0.387 0.166 0.787 0.569 
X24_Z16 19002.10 0.032 0.412 0.176 0.711 0.518 
F7_Z1 11880.44 0.019 1.009 0.148 0.416 0.312 
F7_Z2 13862.26 0.018 1.429 0.127 0.254 0.201 
F7_Z3.1 12586.88 0.018 1.161 0.172 0.362 0.283 
F7_Z3.2 22450.29 0.024 0.750 0.359 0.336 0.348 
  341 
Analysis No. ΣREE Ho/Y T1 T3 T4 T 
F7_Z4.1 14212.96 0.018 0.656 0.144 0.308 0.241 
F7_Z4.2 13569.04 0.018 0.964 0.074 0.309 0.224 
F7_Z5 12061.95 0.019 1.112 0.160 0.423 0.320 
F7_Z7 13423.25 0.020 1.054 0.136 0.380 0.286 
F7_Z8 15998.35 0.020 0.976 0.224 0.291 0.260 
F7_Z9 13712.00 0.020 0.996 0.188 0.335 0.271 
F7_Z10 15065.45 0.021 0.381 0.242 0.381 0.319 
F7_Z11 14637.69 0.019 0.801 0.169 0.403 0.309 
F7_Z12 10206.70 0.017 0.684 0.428 0.253 0.352 
FZ_Z14 18006.05 0.023 0.741 0.178 0.300 0.246 
FZ_Z15 15133.01 0.019 0.615 0.153 0.378 0.289 
AN6_B6 Z1 12249.23 0.019 1.027 0.166 0.417 0.318 
AN6_B6 Q1.1 13699.37 0.020 0.963 0.142 0.374 0.283 
AN6_B6 Q1.2 24791.93 0.028 0.710 0.210 0.550 0.416 
AN6_B6 Q1.3 16364.07 0.020 0.890 0.231 0.284 0.259 
AN6_B8 Z1 13953.24 0.020 0.919 0.193 0.334 0.273 
AN6_B2 Z1.1 18415.38 0.021 0.346 0.248 0.381 0.322 
AN6_B2 Z1.2 17933.30 0.019 0.737 0.173 0.404 0.311 
AN1_B12_TS01 19325.21 0.036 1.243 0.409 0.157 0.310 
AN1_B11_TS01 2827.25 0.058 2.181 0.255 0.380 0.324 
AN1_B8_TS02 4193.99 0.048 1.930 0.298 0.318 0.308 
AN1_B8_TS03 2131.54 0.038 1.330 0.253 0.271 0.262 
AN1_B8_TS04 2921.72 0.048 0.190 0.208 0.314 0.266 
AN1_B8_TS05.1 1979.31 0.034 0.430 0.317 0.275 0.296 
AN1_B8_TS05.2 1773.90 0.035 0.251 0.207 0.247 0.228 
AN1_B8_TS05.3 1492.14 0.041 0.530 0.250 0.285 0.268 
AN1_B2_TS01 3881.65 0.087 7.482 0.230 0.481 0.377 
  342 
Analysis No. ΣREE Ho/Y T1 T3 T4 T 
AN1_B2_TS02.1 3664.07 0.056 4.975 0.275 0.397 0.342 
AN1_B2_TS02.2 2856.22 0.079 11.235 0.258 0.435 0.358 
AN1_B2_TS03.1 2908.54 0.069 14.670 0.273 0.396 0.340 
AN1_B2_TS03.2 2663.65 0.060 2.938 0.148 0.379 0.288 
AN1_B8'_TS01.1 3084.52 0.043 4.670 0.213 0.282 0.250 
AN1_B8'_TS01.2 11682.38 0.028 0.620 0.394 0.233 0.324 
AN1_B8'_TS02.1 1925.79 0.051 8.077 0.214 0.306 0.264 
AN1_B8'_TS02.2 3450.68 0.036 3.480 0.254 0.218 0.236 
AN1_B8_TS06 2603.24 0.076 0.808 0.311 0.453 0.388 
AN3_Z1 1835.14 0.043 0.414 0.175 0.373 0.292 
AN3_Z2.1 2786.01 0.041 1.046 0.099 0.699 0.499 
AN3_Z2.2 2096.66 0.041 0.297 0.163 0.623 0.455 
AN3_Z3.1 5850.27 0.041 0.596 0.158 0.434 0.327 
AN3_Z3.2 4175.09 0.039 0.560 0.087 0.666 0.475 
AN3_Z4.1 2422.47 0.040 1.995 0.109 0.613 0.441 
AN3_Z4.2 2077.07 0.040 2.284 0.069 0.662 0.471 
AN3_Z5 2594.98 0.039 0.366 0.192 0.699 0.513 
AN3_Z6 2754.29 0.039 1.183 0.159 0.717 0.520 
AN3_Z7 1973.14 0.050 0.575 0.174 0.395 0.305 
AN3_Z8.1 3500.07 0.040 1.466 0.129 0.487 0.356 
AN3_Z8.2 2810.63 0.040 1.411 0.227 0.434 0.346 
AN3_Z8.3 2960.67 0.044 0.551 0.150 0.442 0.330 
AN3_Z9.1 3574.25 0.040 0.966 0.077 0.486 0.348 
AN3_Z9.2 3454.31 0.039 1.073 0.112 0.539 0.389 
AN3_Z11 1670.65 0.040 0.656 0.497 0.367 0.437 
X29_B2_TS01 7277.17 0.037 0.679 0.312 0.238 0.278 
X29_B2_TS02.1 2598.15 0.045 0.871 0.352 0.406 0.380 
  343 
Analysis No. ΣREE Ho/Y T1 T3 T4 T 
X29_B2_TS02.2 5102.32 0.040 0.513 0.580 0.283 0.456 
X29_B2_TS02.3 2887.46 0.041 0.355 0.407 0.326 0.369 
Note: Ce* = La!   ∗ Pr!, Eu* = Sm!   ∗ Gd!, and the chondrite REE concentration data for normalization are Sun and McDough (1989). T1, T3 and T4 are 
relative standard deviation that represent the magnitude of the tetrad effects for the tetrads La-Nd, Gd-Ho, and Er-Lu.  T stands for the significance of the overall 
tetrad effect in chondrite-normalized REE patterns. T1, T3, T4 and T were calculated using the equations proposed by Monecke et al., 2002. See texts for details. 
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Appendix 6 LA-ICP-MS analysis of quartz (element concentrations in ppm). 
Analysis No. Rock Unit Li Al Be Mn Ti Temperature 
(°C)* 
AN1_Q1_TS01 alt. granite <0.509 19.1  0.2 0.63 366 
AN1_Q1_TS04 alt. granite 2.1 34.2   0.69 371 
AN1_Q2_TS01 alt. granite <0.489 10.8 0.5 0.4 0.36 341 
AN1_Q2_TS02 alt. granite <0.477 8.8  0.6 0.46 351 
AN1_Q4_TS01 alt. granite 40.3 131.8 1.4 1.0 <0.156 <307 
AN1_Q4_TS02 alt. granite <0.423 22.5   <0.137 <302 
AN1_Q4_TS03 alt. granite 8.9 60.0 0.5 1.9 1.26 401 
X29_B3_TS01 granite 2.7 24.2  0.3 80.69 722 
X29_B3_TS02 granite 4.1 56.4 0.4 1.1 104.52 753 
X29_B1_TS01 granite 3.1 31.1   36.71 640 
X29_B1_TS02 granite 5.8 31.2   37.80 642 
X29_B1_TS03 granite 2.0 34.8   23.85 600 
X29_B2_TS04 granite 1.1 20.7  0.4 78.49 719 
X29_B2_TS03 granite 4.6 51.5  0.5 90.77 736 
X29_B2_TS05 granite 1.7 23.7   20.25 586 
X29-B3 Q1 granite n.d. 11.8   40.43 649 
X29-B3 Q2.1 granite n.d. 23.0   83.93 727 
X29-B3 Q2.2 granite n.d. 29.6   92.73 738 
AN8_B3_TS04 qtz-bst <0.4 26.6  1.4 2.06 427 
AN8_B3_TS05 qtz-bst <0.38 12.3  1.4 0.96 387 
AN8_B3_TS07 qtz-bst <0.496 <2.268 1.7 2.9 <0.145 <304 
AN8_B4_TS01 qtz-bst <0.455 17.2  0.6 0.52 357 
AN8_B4_TS02 qtz-bst <0.459 13.9  0.2 0.35 339 
AN8_B4_TS03 qtz-bst <0.521 9.1 0.2  0.61 365 
AN8_B4_TS10 qtz-bst 0.7 22.0  0.6 0.51 356 
AN8_B4_TS11 qtz-bst <0.653 13.9   0.83 379 
X28_B5_F1_TS14 qtz-bst <0.624 5.7   0.74 374 
X28_B5_F1_TS15 qtz-bst <0.842 16.3 0.4  0.65 368 
X28_B5_F1_TS16 qtz-bst <0.737 23.0   0.49 355 
X28_B5_F1_TS17 qtz-bst <0.797 10.5 1.2 0.6 1.06 392 
X28_B7_F1_TS12 qtz-bst 66.3 244.1   1.07 392 
X28_B5_F1_TS21 qtz-bst <0.937 <3.883  1.0 <0.269 <328 
X28_B5_F1_TS22 qtz-bst <0.907 16.9 0.6  0.77 376 
X28_B5_F1_TS23 qtz-bst <0.769 13.7  0.4 1.34 404 
X28_B5_F1_TS24 qtz-bst <0.942 19.0  0.5 1.56 412 
X28_B5_F1_TS25 qtz-bst 1.6 7.6   0.71 372 
NTZ-6_Q1.1 qtz-bst 2.4 40.4 8.4 0.5 0.42 347 
NTZ-6_Q1.2 qtz-bst <0.53 6.8  0.5 0.27 329 
NTZ-6_Q2 qtz-bst 1.3 147.5   0.24 324 
NTZ-6_Q3 qtz-bst 0.8 55.8  0.6 0.35 340 
NTZ-6_Q4.1 qtz-bst <0.505 36.8  1.2 1.07 392 
  345 
Analysis No. Rock Unit Li Al Be Mn Ti Temperature 
(°C)* 
NTZ-6_Q4.2 qtz-bst <0.519 24.3 0.2 1.2 0.92 384 
NTZ-6_Q5.1 qtz-bst 8.8 199.6 b.d. 0.3 0.12 297 
NTZ-6_Q5.2 qtz-bst 8.1 156.9 b.d. b.d. 0.26 327 
NTZ-6_B4_Z2 qtz-bst n.d. 33.5 b.d. b.d. 1.23 399 
NTZ-6_B4_Z3 qtz-bst n.d. 50.4 b.d. b.d. 0.46 351 
NTZ-6_B4_Z4 qtz-bst n.d. 47.7 b.d. b.d. 7.66 510 
NTZ-6_B4_Z5 qtz-bst n.d. 19.6 b.d. b.d. 0.75 374 
NTZ-6_B4_Z8 qtz-bst n.d. 55.0 b.d. b.d. 0.32 336 
TH34_Q1.1 qtz-bst 0.4 9.2 b.d. b.d. 0.10 292 
TH34_Q1.2 qtz-bst <0.433 5.9 b.d. b.d. 0.21 319 
TH34_Q2.2 qtz-bst <0.472 3.3 0.1 b.d. <0.118 <296 
TH34_Q2.3 qtz-bst <0.489 38.5 b.d. 0.1 0.18 312 
TH34_Q3.1 qtz-bst <0.473 9.3 b.d. b.d. 0.53 358 
TH34_Q3.2 qtz-bst <0.473 8.0 b.d. b.d. 0.37 342 
TH34_Q4.1 qtz-bst 2.3 7.1 0.4 0.2 0.56 361 
TH34_Q4.2 qtz-bst <0.51 3.6 b.d. b.d. <0.117 <296 
TH34_Q4.3 qtz-bst <0.425 3.1 b.d. b.d. 0.39 344 
TH34_Q5.1 qtz-bst <0.42 4.2 0.5 b.d. <0.122 <297 
TH34_Q5.2 qtz-bst <0.445 <0.989 0.2 b.d. 0.48 353 
TH34_Q5.3 qtz-bst <0.445 <0.989 0.4 b.d. 0.37 342 
TH34_Q6 qtz-bst <0.487 4.3 0.4 b.d. <0.135 <301 
TH34_Q7 qtz-bst <0.488 <0.903 0.2 b.d. 0.37 343 
X26_Q1 more alt. LIZ <0.549 5.4 b.d. b.d. 0.22 320 
X26_Q2 more alt. LIZ <0.468 10.9 b.d. 0.1 0.23 322 
X26_Q3 more alt. LIZ <0.536 11.1 b.d. b.d. 0.21 319 
X26_Q4.1 more alt. LIZ 0.7 6.2 b.d. b.d. 0.21 318 
X26_Q4.2 more alt. LIZ 4.7 48.3 b.d. b.d. 0.20 316 
X26_Q5.1 more alt. LIZ <0.452 12.5 b.d. b.d. <0.094 <288 
X26_Q5.2 more alt. LIZ 12.7 122.2 b.d. b.d. 0.20 316 
X26_Q6 more alt. LIZ <1.307 39.3 b.d. 0.4 <0.144 <303 
X26_Q7.1 more alt. LIZ 0.7 15.8 0.1 b.d. 0.35 340 
X26_Q7.2 more alt. LIZ 2.1 55.4 0.3 b.d. 0.29 332 
X26_Q8 more alt. LIZ <0.461 26.2 b.d. b.d. 0.77 376 
X26_Q9 more alt. LIZ <0.467 <0.984 3.7 b.d. <0.103 <291 
AN6_B8_TS03 more alt. LIZ <0.398 9.5 b.d. 1.8 <0.153 <306 
AN6_B8_TS04 more alt. LIZ 1.0 31.3 0.3 1.4 <0.174 <311 
AN6_B8_TS05 more alt. LIZ 1.4 39.5 b.d. 1.5 2.79 445 
AN6_B6_TS02 more alt. LIZ <0.572 24.9 b.d. 1.1 <0.39 <344 
AN6_B6_TS05 more alt. LIZ <0.535 21.7 b.d. 0.5 <0.317 <335 
AN6_B6_TS06 more alt. LIZ <0.619 16.0 b.d. 0.7 <0.327 <337 
AN6_B6_TS01 more alt. LIZ <0.518 14.8 b.d. 1.3 0.94 385 
AN6_B6_TS07 more alt. LIZ 10.6 60.7 b.d. 0.9 <0.282 <330 
AN6_B6 Z1 more alt. LIZ n.d. 1081.9 b.d. b.d. 2.05 427 
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Analysis No. Rock Unit Li Al Be Mn Ti Temperature 
(°C)* 
AN6_B6 Q1 more alt. LIZ n.d. 1051.3 b.d. b.d. 8.99 522 
AN6_B8 Q1 more alt. LIZ n.d. 689.4 b.d. b.d. 1.08 393 
TZ23_Q1.1 more alt. LIZ <0.682 5.6 b.d. b.d. <0.113 <294 
TZ23_Q1.2 more alt. LIZ <0.682 29.4 b.d. b.d. 0.11 294 
TZ23_Q2.1 more alt. LIZ <0.693 <1.213 b.d. 0.2 0.37 342 
TZ23_Q2.2 more alt. LIZ <0.693 29.3 0.2 b.d. 0.24 323 
TZ23_Q2.3 more alt. LIZ 27.2 88.3 b.d. b.d. 0.16 308 
TZ23_Q3.1 more alt. LIZ <0.656 3.7 0.2 1.0 0.29 331 
TZ23_Q3.2 more alt. LIZ 2.7 18.6 b.d. b.d. <0.131 <300 
TZ23_Q5.1 more alt. LIZ <0.6 22.2 0.2 b.d. 0.27 328 
TZ23_Q5.2 more alt. LIZ 1.6 24.1 0.4 b.d. 0.31 334 
TZ23_Q6.1 more alt. LIZ 0.6 72.0 b.d. b.d. 0.25 326 
TZ23_Q6.2 more alt. LIZ 2.0 98.0 b.d. b.d. <0.114 <295 
TZ23_Q7.1 more alt. LIZ <0.492 5.2 b.d. b.d. <0.115 <295 
TZ23_Q7.2 more alt. LIZ <0.492 16.8 b.d. b.d. 0.53 358 
TZ23_Q8.1 more alt. LIZ 9.2 87.1 0.8 b.d. 0.31 335 
TZ23_Q8.2 more alt. LIZ 34.2 148.6 b.d. b.d. 0.35 339 
TZ23_Q9.1 more alt. LIZ <0.588 47.5 b.d. b.d. 0.33 337 
TZ23_Q9.2 more alt. LIZ <0.588 9.4 0.4 b.d. <0.121 <297 
TZ23_Q9 more alt. LIZ 2.6 99.3 b.d. b.d. <0.121 <297 
TZ23_Q10.1 more alt. LIZ 53.1 302.0 1.4 0.5 1.07 392 
TZ23_Q10.2 more alt. LIZ 26.0 157.1 0.1 0.5 0.45 350 
TZ23_Q11.1 more alt. LIZ <0.598 12.9 b.d. b.d. 0.47 353 
TZ23_Q11.2 more alt. LIZ 1.3 48.4 2.0 2.1 5.38 486 
TZ23_Q12.2 more alt. LIZ 7.0 60.0 b.d. b.d. 0.26 327 
TZ23_Q12.3 more alt. LIZ 7.9 120.0 0.3 b.d. 0.18 313 
TZ23_Q13.1 more alt. LIZ 8.8 97.9 0.3 b.d. 0.28 330 
TZ23_Q13.2 more alt. LIZ <0.531 41.1 b.d. b.d. 0.62 366 
TZ23_Q13.3 more alt. LIZ 49.2 145.4 b.d. 0.9 0.57 361 
TZ23_Q14.1 more alt. LIZ 6.3 90.4 b.d. b.d. <0.11 <293 
TZ23_Q14.2 more alt. LIZ 1.0 52.8 0.2 b.d. 0.43 349 
TZ23_Q15.1 more alt. LIZ 37.3 159.1 b.d. b.d. 0.25 326 
TZ23_Q15.2 more alt. LIZ 9.5 113.1 0.2 b.d. 0.40 346 
TZ23_Q16.1 more alt. LIZ <0.509 66.2 0.2 0.4 0.34 338 
TZ23_Q16.2 more alt. LIZ 1.1 27.9 0.5 1.4 1.49 410 
TZ23_Q16.3 more alt. LIZ 1.1 3.8 0.4 0.1 <0.105 <292 
0908-06_Q1.1 more alt. LIZ <0.579 2.6 b.d. 0.1 <0.122 <297 
0908-06_Q1.2 more alt. LIZ <0.546 2.2 b.d. 0.2 <0.112 <294 
0908-06_Q2.1 more alt. LIZ <0.704 4.7 b.d. b.d. <0.146 <304 
0908-06_Q2.2 more alt. LIZ <0.704 60.1 b.d. b.d. 0.19 315 
0908-06_Q3 more alt. LIZ <0.587 1.6 b.d. 0.1 0.11 295 
0908-06_Q4.1 more alt. LIZ <0.55 2.3 b.d. b.d. <0.106 <292 
0908-06_Q4.2 more alt. LIZ 0.6 15.6 b.d. 0.2 <0.111 <294 
  347 
Analysis No. Rock Unit Li Al Be Mn Ti Temperature 
(°C)* 
0908-06_Q4.3 more alt. LIZ 1.3 29.9 b.d. b.d. <0.111 <294 
0908-06_Q5 more alt. LIZ <0.561 <1.129 b.d. b.d. <0.105 <292 
0908-06_Q6 more alt. LIZ <0.566 4.5 b.d. 0.1 0.13 298 
0908-06_Q7 more alt. LIZ 4.8 45.5 0.2 b.d. <0.096 <288 
0908-06_Q8.1 more alt. LIZ <0.583 36.4 b.d. 0.5 <0.118 <296 
0908-06_Q8.2 more alt. LIZ 2.0 40.4 b.d. 0.2 <0.118 <296 
0908-06_Q9.1 more alt. LIZ <0.554 <1.116 b.d. b.d. <0.099 <289 
0908-06_Q9.2 more alt. LIZ 0.8 <1.116 b.d. b.d. <0.099 <289 
0908-06_Q10.1 more alt. LIZ <0.577 39.3 b.d. b.d. <0.108 <293 
0908-06_Q10.2 more alt. LIZ 19.2 113.7 b.d. b.d. <0.108 <293 
0908-06_Q10.3 more alt. LIZ 27.7 90.5 0.2 b.d. <0.105 <292 
0908-06_Q10.4 more alt. LIZ <0.551 2.8 b.d. b.d. <0.105 <292 
0908-06_Q11.1 more alt. LIZ 1.4 31.3 b.d. 0.1 <0.097 <289 
0908-06_Q11.2 more alt. LIZ <0.756 6.6 b.d. b.d. <0.124 <298 
0908-06_Q11.3 more alt. LIZ <0.749 3.7 b.d. b.d. 0.18 313 
0908-06_Q11.4 more alt. LIZ 7.4 57.2 b.d. b.d. <0.145 <304 
0908-06_Q12.1 more alt. LIZ <0.71 5.9 0.1 0.1 <0.136 <301 
0908-06_Q12.2 more alt. LIZ <0.71 39.6 b.d. 0.1 0.40 346 
AN2_Z12 qtz-ply n.d. 72.7 n.d. n.d. 1.71 417 
AN2_R2 qtz-ply n.d. 15.3 n.d. n.d. 2.41 436 
AN2_Z14 qtz-ply n.d. 62.5 n.d. n.d. 3.11 451 
X24_Z1 phk zone n.d. 254.3 n.d. n.d. 44.33 658 
X24_7 phk zone n.d. 336.9 n.d. n.d. 8.94 522 
X24_13 phk zone n.d. 205.0 n.d. n.d. 7.64 510 
X24_14.1 phk zone n.d. 1297.3 n.d. n.d. 23.34 598 
X24_14.2 phk zone n.d. 432.4 n.d. n.d. 10.81 536 
X21_B5_TS01 phk zone 1.7 56.6 2.3 0.5 0.93 385 
X21_B5_TS02 phk zone <0.528 18.7 0.8 b.d. 0.80 377 
X21_B5_TS04 phk zone 1.4 17.6 0.7 b.d. 0.47 353 
X21_B5_TS03 phk zone 1.7 108.5 0.3 0.3 0.26 328 
X21_B5_TS05 phk zone <0.5 11.1 b.d. 0.2 0.30 333 
X21_B5_TS06 phk zone <0.484 5.6 1.7 b.d. 0.39 345 
X21_B5_TS07 phk zone 2.8 59.4 25.2 b.d. 0.70 371 
X21_B6_TS01 phk zone <0.488 7.3 1.3 0.3 0.75 374 
X21_B6_TS02 phk zone 0.9 7.9 1.3 0.2 0.49 355 
X21_B6_TS03 phk zone 0.9 8.6 1.0 b.d. 0.51 357 
X21_B6_TS04 phk zone 1.0 18.9 b.d. 0.4 0.36 341 
X21_B6_TS05 phk zone <0.399 16.1 0.2 0.3 0.33 337 
X21_B3_TS01.1 phk zone 0.6 37.8 b.d. 0.3 <0.145 <304 
X21_B3_TS01.2 phk zone 21.1 1197.1 7.6 b.d. <0.145 <304 
X21_B3_TS05 phk zone <0.483 25.0 1.0 0.3 <0.147 <304 
X21_B3_TS06 phk zone 5.7 42.9 2.4 0.6 0.43 349 
F7_Z1 Fluorite Zone n.d. 881.1 n.d. n.d. 2.12 429 
  348 
Analysis No. Rock Unit Li Al Be Mn Ti Temperature 
(°C)* 
F7_Z3 Fluorite Zone n.d. 872.4 n.d. n.d. 5.32 485 
F7_Z4 Fluorite Zone n.d. 1883.6 n.d. n.d. 28.75 617 
F7_Z5 Fluorite Zone n.d. 1016.1 n.d. n.d. 1.93 424 
F7_Z7 Fluorite Zone n.d. 980.5 n.d. n.d. 8.37 517 
F7_Z8 Fluorite Zone n.d. 643.0 n.d. n.d. 1.01 389 
F7_Z9 Fluorite Zone n.d. 919.8 n.d. n.d. 36.71 640 
F7_Z12 Fluorite Zone n.d. 606.6 n.d. n.d. 32.44 628 
FZ_Z14 Fluorite Zone n.d. 963.7 n.d. n.d. 29.50 619 
FZ_Z15 Fluorite Zone n.d. 403.4 n.d. n.d. 1.67 416 
P1 qtz-ply n.d. n.d. n.d. n.d. 2.31 434 
P14 qtz-ply n.d. n.d. n.d. n.d. 1.84 421 
U3 qtz-ply n.d. n.d. n.d. n.d. 1.85 421 
X22 T19 qtz-ply n.d. n.d. n.d. n.d. 0.96 387 
X22 T20 qtz-ply n.d. n.d. n.d. n.d. 0.83 379 
Note: n.d. = not determined and b.d. = below detection limit.  
*Ti-in-quartz temperatures were calculated using the equation proposed by Wark and Watson (2006). 
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Appendix 7 Trace element concentrations (in ppm) in fluorite from the T Zone and 
Fluorite Zone. 
  T Zone Fluorite Zone 
Analysis ID X24_F1 X24_F2 F7_1 F7_2 
P 66 155 26 34 
Ti 256 174 284 255 
Y 209 168 1394 1975 
Th 28 26 14 8 
La 13.7 7.8 7.8 9.4 
Ce 14.8 26.2 11.2 20.7 
Pr 2.6 2.3 1.8 3.0 
Nd 14.6 13.1 12.0 23.5 
Sm 9.7 5.6 8.8 12.3 
Eu 1.4 1.0 2.5 2.4 
Gd 19.3 10.5 33.3 37.7 
Tb 2.8 1.9 6.4 8.8 
Dy 18.0 9.0 45.7 56.3 
Ho 1.7 1.6 7.9 11.3 
Er 4.5 3.2 16.2 24.4 
Tm 0.4 0.6 2.0 2.7 
Yb 3.3 4.4 9.1 12.7 
Lu 0.4 0.6 0.7 1.7 
ΣREE 107.1 87.7 165.6 226.8 
Eu/Eu* 0.3 0.4 0.4 0.3 
(La/Yb)N 2.8 1.2 0.6 0.5 
(La/Sm)N 0.9 0.9 0.6 0.5 
(La/Gd)N 0.6 0.6 0.2 0.2 
Note: X24_F1, X24_F2, F7_1 and F7_2 are fluorite samples from the T Zone and Fluorite Zone. REE 
concentration data for normalization was from Sun and McDonough (1989). 
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Appendix 8 Results of microthermometic analysis of FIAs from the T Zone. 
Fluid Inclusion 
ID Sample Rock Unit Origin Type Character FIA 
Eutectic 
Melting 
Temperatures 
(°C) 
Melting 
Temperatures 
of Ice  (°C) 
Salinity  
(NaCl eq 
wt%) 
ThV-L 
(°C) 
*Tt 
(°C) 
NTZ-6_B3-1_1 NTZ-6 quartz-bastnäsite P 1a LV 1 n.d. -23 24 375 677 
NTZ-6_B3-1_2 NTZ-6 quartz-bastnäsite P 1a LVS 1 n.d. -23 24 245 449 
NTZ-6_B3-1_3 NTZ-6 quartz-bastnäsite P 1a LVS 1 n.d. -17 21 400 758 
NTZ-6_B3-1_4 NTZ-6 quartz-bastnäsite P 1a LVS 1 n.d. -22 23 342 621 
NTZ-6_B3-1_5 NTZ-6 quartz-bastnäsite P 1a LV 1 n.d. -8 12 158 330 
NTZ-6_B3-1_7 NTZ-6 quartz-bastnäsite P 1a LV 1 n.d. -18 21 n.d. - 
NTZ-6_B3-1_8 NTZ-6 quartz-bastnäsite P 1a LV 1 n.d. -16 19 249 467 
NTZ-6_B3-1_9 NTZ-6 quartz-bastnäsite P 1a LV 1 n.d. -16 19 100 232 
NTZ-6_B3-1_11 NTZ-6 quartz-bastnäsite P 1a LV 1 n.d. -12 16 280 535 
NTZ-6_B3-2_1 NTZ-6 quartz-bastnäsite P 1a LV 2 n.d. -8 12 340 679 
NTZ-6_B3-2_2 NTZ-6 quartz-bastnäsite P 1a LV 2 n.d. -23 24 146 297 
NTZ-6_B3-2_3 NTZ-6 quartz-bastnäsite P 1a LV 2 n.d. -23 24 220 409 
NTZ-6_B3-2_4 NTZ-6 quartz-bastnäsite P 1a LV 2 n.d. -16 19 105 238 
NTZ-6_B3-2_5 NTZ-6 quartz-bastnäsite P 1a LV 2 n.d. -20 23 198 376 
NTZ-6_B3-2_6 NTZ-6 quartz-bastnäsite P 1a LV 2 n.d. -9 13 280 544 
NTZ-6_B3-2_7 NTZ-6 quartz-bastnäsite P 1a LV 2 n.d. -20 22 105 238 
NTZ-6_B3-2_8 NTZ-6 quartz-bastnäsite P 1a LV 2 n.d. -21 23 149 301 
NTZ-6_B2_3_10 NTZ-6 quartz-bastnäsite P 1b LV 3 n.d. -22 24 92 220 
NTZ-6_B2_3_11 NTZ-6 quartz-bastnäsite P 1b LVS 3 n.d. -14 17 84 210 
NTZ-6_B2_3_20 NTZ-6 quartz-bastnäsite P 1b LV 3 n.d. -19 22 112 248 
NTZ-6_B2_3_35 NTZ-6 quartz-bastnäsite P 1b LV 3 n.d. -17 21 97 227 
X21_P4 X21 phenakite zone P 1c LV 4 n.d. -18 21 n.d. - 
X21_P5 X21 phenakite zone P 1c LV 4 n.d. -21 23 121 261 
X21_P7 X21 phenakite zone P 1c LV 4 n.d. -22 24 150 302 
X21_P8 X21 phenakite zone P 1c LV 4 n.d. -22 24 140 288 
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X21_P9 X21 phenakite zone P 1c LVS 4 n.d. -24 25 n.d. - 
X21_P11 X21 phenakite zone P 1c LV 4 n.d. -22 23 n.d. - 
X21_P16 X21 phenakite zone P 1c LV 4 n.d. -23 24 n.d. - 
X21_P17 X21 phenakite zone P 1c LV 4 n.d. -22 24 n.d. - 
X21_P18 X21 phenakite zone P 1c LV 4 n.d. -14 18 n.d. - 
X21_P19 X21 phenakite zone P 1c LV 4 n.d. -24 25 n.d. - 
X21_P20 X21 phenakite zone P 1c LV 4 n.d. -24 25 n.d. - 
82-6_P-1 84-82-6 QP unit P 2a LVS 5 n.d. -9 13 299 583 
82-6_P-3 84-82-6 QP unit P 2a LVS 5 n.d. -10 13 286 556 
82-6_P-4 84-82-6 QP unit P 2a LVS 5 n.d. -4 7 286 584 
82-6_P-5 84-82-6 QP unit P 2a LVS 5 n.d. -3 5 285 589 
82-6_P-6 84-82-6 QP unit P 2a LVS 5 n.d. -5 8 274 555 
82-6_P-7 84-82-6 QP unit P 2a LVS 5 n.d. -22 24 107 242 
82-6_P-8 84-82-6 QP unit P 2a LVS 5 n.d. -12 16 175 348 
82-6_P-11 84-82-6 QP unit P 2a LVS 5 n.d. -12 15 n.d. - 
82-6_P-12 84-82-6 QP unit P 2a LVS 5 n.d. -4 6 298 616 
82-6_P-14 84-82-6 QP unit P 2a LVS 5 n.d. -14 17 306 580 
82-6_P-16 84-82-6 QP unit P 2a LVS 5 n.d. -9 13 283 549 
82-6_P-18 84-82-6 QP unit P 2a LVS 5 n.d. -8 12 342 688 
82-6_P-20 84-82-6 QP unit P 2a LVS 5 n.d. -9 12 n.d. - 
82-6_P-22 84-82-6 QP unit P 2a LVS 5 -25 -11 15 n.d. - 
82-6_P-145 84-82-6 QP unit P 2a LVS 5 n.d. -6 9 278 556 
82-6_P-146 84-82-6 QP unit P 2a LVS 5 n.d. -13 17 305 579 
82-6_P-147 84-82-6 QP unit P 2a LV 5 n.d. -13 17 292 556 
82-6_P-79 84-82-6 QP unit P 2a LVS? 6 n.d. -1 2 285 599 
82-6_P-81 84-82-6 QP unit P 2a LV 6 -24 -15 19 291 546 
82-6_P-82 84-82-6 QP unit P 2a LVS? 6 n.d. -1 2 291 617 
82-6_P-83 84-82-6 QP unit P 2a LV 6 n.d. -1 2 306 664 
82-6_P-84 84-82-6 QP unit P 2a LV 6 -25 -15 19 153 310 
82-6_P-85 84-82-6 QP unit P 2a LVS 6 n.d. -6 10 314 634 
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82-6_P-86 84-82-6 QP unit P 2a LV 6 n.d. -7 11 248 492 
82-6_P-88 84-82-6 QP unit P 2a LV 6 -24 -12 16 223 429 
82-6_P-89 84-82-6 QP unit P 2a LV 6 n.d. -8 11 291 574 
82-6_P-90 84-82-6 QP unit P 2a LV 6 -22 -14 18 268 504 
82-6_P-91 84-82-6 QP unit P 2a LV 6 n.d. -7 10 289 576 
82-6_P-93 84-82-6 QP unit P 2a LVS 6 n.d. -9 13 253 492 
82-6_P-94 84-82-6 QP unit P 2a LV 6 n.d. -12 16 212 410 
82-6_P-96 84-82-6 QP unit P 2a LVS 6 n.d. -7 10 301 603 
82-6_P-97 84-82-6 QP unit P 2a LV 6 n.d. -1 2 293 619 
82-6_P-98 84-82-6 QP unit P 2a LVS 6 n.d. -4 6 323 679 
82-6_P-149 84-82-6 QP unit P 2a LVS 6 n.d. -4 7 249 506 
82-6_P-150 84-82-6 QP unit P 2a LVS 6 n.d. -6 9 294 593 
82-6_P-151 84-82-6 QP unit P 2a LV 6 n.d. -5 8 306 623 
82-6_P-131 84-82-6 QP unit P 2a LVS 7 n.d. -10 14 307 596 
82-6_P-132 84-82-6 QP unit P 2a LVS 7 n.d. -1 1 292 622 
82-6_P-133 84-82-6 QP unit P 2a LVS 7 n.d. -7 11 292 578 
82-6_P-139 84-82-6 QP unit P 2a LVS 7 n.d. -3 5 289 598 
82-6_P-140 84-82-6 QP unit P 2a LVS 7 n.d. -3 5 313 659 
82-6_P-141 84-82-6 QP unit P 2a LV 7 n.d. -3 4 265 544 
82-6_P-143 84-82-6 QP unit P 2a LV 7 n.d. -10 13 317 620 
82-21_P-8 84-82-21 QP unit P 2b LV 8 n.d. -15 19 270 504 
82-21_P-9 84-82-21 QP unit P 2b LV 8 -23 -22 23 133 278 
82-21_P-45 84-82-21 QP unit P 2b LV 8 n.d. -22 24 262 478 
82-21_P-46 84-82-21 QP unit P 2b LV 8 n.d. -22 24 180 348 
82-21_P-47 84-82-21 QP unit P 2b LV 8 n.d. -15 19 128 272 
82-21_P-53 84-82-21 QP unit P 2b LV 8 -24 -18 21 99 230 
82-21_P-48 84-82-21 QP unit P 2b LV 9 n.d. -23 24 110 246 
82-21_P-49 84-82-21 QP unit P 2b LV 9 -25 -22 24 161 319 
82-21_P-50 84-82-21 QP unit P 2b LV 9 -24 -22 24 106 240 
82-21_P-51 84-82-21 QP unit P 2b LV 9 n.d. -21 23 112 248 
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82-21_P-52 84-82-21 QP unit P 2b LV 9 n.d. -24 25 180 347 
83-2_P-1 83-2-11.2 QP unit P 2b LVS 10 n.d. -22 24 109 244 
83-2_P-2 83-2-11.2 QP unit P 2b LV 10 n.d. -22 24 91 220 
83-2_P-3 83-2-11.2 QP unit P 2b LV 10 n.d. -20 23 n.d. - 
83-2_P-5 83-2-11.2 QP unit P 2b LV 10 n.d. -15 18 161 323 
83-2_P-6 83-2-11.2 QP unit P 2b LV 10 n.d. -18 21 141 289 
83-2_P-21 83-2-11.2 QP unit P 2b LV 11 n.d. -23 24 129 274 
83-2_P-22 83-2-11.2 QP unit P 2b LV 11 n.d. -9 13 141 300 
83-2_P-24 83-2-11.2 QP unit P 2b LV 11 n.d. -20 22 114 251 
83-2_P-25 83-2-11.2 QP unit P 2b LV 11 n.d. -19 22 180 348 
83-2_P-27 83-2-11.2 QP unit P 2b LV 11 n.d. -19 22 142 291 
NTZ-7_4_1 NTZ-7 quartz-bastnäsite P 3a LVS 12 n.d. -22 24 241 443 
NTZ-7_4_3 NTZ-7 quartz-bastnäsite P 3a LVS 12 n.d. -22 24 252 461 
NTZ-7_4_4 NTZ-7 quartz-bastnäsite P 3a LVS 12 n.d. -23 24 266 484 
NTZ-7_4_5 NTZ-7 quartz-bastnäsite P 3a LVS 12 n.d. -23 24 240 442 
NTZ-7_4_6 NTZ-7 quartz-bastnäsite P 3a LV 12 n.d. -22 24 147 299 
NTZ-7_4_7 NTZ-7 quartz-bastnäsite P 3a LVS 12 n.d. -23 24 235 433 
NTZ-7_4_8 NTZ-7 quartz-bastnäsite P 3a LVS 12 n.d. -23 24 152 305 
NTZ-7_4_9 NTZ-7 quartz-bastnäsite P 3a LV 12 n.d. -22 24 202 381 
NTZ-7_4_10 NTZ-7 quartz-bastnäsite P 3a LV 12 n.d. -21 23 113 250 
NTZ-7_4_11 NTZ-7 quartz-bastnäsite P 3a LV 12 n.d. -22 24 109 245 
NTZ-7_4_12 NTZ-7 quartz-bastnäsite P 3a LV 12 n.d. -21 23 124 265 
NTZ-7_4_15 NTZ-7 quartz-bastnäsite P 3a LVS 12 n.d. -22 24 150 303 
NTZ-7_4_16 NTZ-7 quartz-bastnäsite P 3a LV 12 n.d. -22 24 185 355 
NTZ-7_4_17 NTZ-7 quartz-bastnäsite P 3a LV 12 n.d. -22 23 141 289 
NTZ-7_4_18 NTZ-7 quartz-bastnäsite P 3a LV 12 n.d. -23 24 190 363 
NTZ-7_4_19 NTZ-7 quartz-bastnäsite P 3a LV 12 n.d. -23 24 136 282 
NTZ-7_4_20 NTZ-7 quartz-bastnäsite P 3a LV 12 n.d. -21 23 190 363 
NTZ-7_6_1 NTZ-7 quartz-bastnäsite P 3a LV 12 n.d. -23 24 117 256 
NTZ-7_6_2 NTZ-7 quartz-bastnäsite P 3a LV 12 n.d. -22 24 128 271 
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NTZ-7_6_3 NTZ-7 quartz-bastnäsite P 3a LV 12 n.d. -24 25 126 270 
NTZ-7_6_4 NTZ-7 quartz-bastnäsite P 3a LV 12 n.d. -24 25 115 254 
NTZ-7_6_6 NTZ-7 quartz-bastnäsite P 3a LV 12 n.d. -24 25 115 254 
NTZ-7_6_7 NTZ-7 quartz-bastnäsite P 3a LV 13 n.d. -7 10 319 644 
NTZ-7_6_8 NTZ-7 quartz-bastnäsite P 3a LVS 13 n.d. -25 25 240 439 
NTZ-7_6_9 NTZ-7 quartz-bastnäsite P 3a LVS 13 n.d. -24 25 112 249 
NTZ-7_6_10 NTZ-7 quartz-bastnäsite P 3a LV 13 n.d. -24 25 173 336 
NTZ-7_6_12 NTZ-7 quartz-bastnäsite P 3a LV 13 n.d. -23 24 131 276 
NTZ-7_6_13 NTZ-7 quartz-bastnäsite P 3a LV 13 n.d. -22 24 267 486 
82-23_B7_1 84-82-23 quartz-xenotime-thorite PS 3c LV 14 n.d. -25 25 191 364 
82-23_B7_2 84-82-23 quartz-xenotime-thorite 
PS 3c LV 14 n.d. -24 25 138 286 
82-23_B7_3 84-82-23 quartz-xenotime-thorite 
PS 3c LV 14 n.d. -23 24 154 309 
82-23_B7_4 84-82-23 quartz-xenotime-thorite 
PS 3c LV 14 n.d. -24 25 155 310 
82-23_B7_5 84-82-23 quartz-xenotime-thorite 
PS 3c LVS 14 n.d. -24 25 133 279 
82-23_B7_6 84-82-23 quartz-xenotime-thorite 
PS 3c LV 14 n.d. -23 24 110 246 
82-23_B7_7 84-82-23 quartz-xenotime-thorite 
PS 3c LV 14 n.d. -22 24 185 355 
82-23_B7_9 84-82-23 quartz-xenotime-thorite 
PS 3c LV 15 n.d. -17 20 148 301 
82-23_B7_11 84-82-23 quartz-xenotime-thorite 
PS 3c LVS 15 n.d. -25 26 172 336 
82-23_B7_12 84-82-23 quartz-xenotime-thorite 
PS 3c LV 15 n.d. -23 24 164 324 
82-23_B7_13 84-82-23 quartz-xenotime-thorite 
PS 3c LV 15 n.d. -23 24 150 303 
TH-34_1_11 TH-34 quartz-bastnäsite P 6 LV 16 n.d. -24 25 227 419 
TH-34_1_12 TH-34 quartz-bastnäsite P 6 LV 16 n.d. -22 23 241 445 
TH-34_1_14 TH-34 quartz-bastnäsite P 6 LVS 16 n.d. -27 27 219 406 
TH-34_1_19 TH-34 quartz-bastnäsite P 6 LVS 16 n.d. -28 27 276 495 
  355 
82-13_B16_3 84-82-13 quartz-bastnäsite P 6 LV 17 -21 -5 8 223 452 
82-13_B16_4 84-82-13 quartz-bastnäsite P 6 LV 17 -20 -6 9 275 551 
82-13_B16_5 84-82-13 quartz-bastnäsite P 6 LV 17 -24 -5 8 268 540 
82-13_B16_6 84-82-13 quartz-bastnäsite P 6 LV 17 n.d. -3 5 252 514 
82-13_B16_7 84-82-13 quartz-bastnäsite P 6 LV 17 n.d. -3 5 242 496 
82-13_B16_8 84-82-13 quartz-bastnäsite P 6 LV 17 -22 -5 8 230 466 
82-13_B16_11 84-82-13 quartz-bastnäsite P 6 LV 17 -22 -11 15 237 457 
82-13_B16_17 84-82-13 quartz-bastnäsite P 6 LV 17 -22 -4 7 282 575 
82-13_B4_1 84-82-13 quartz-bastnäsite P 6 LV 18 -21 -12 16 315 604 
82-13_B4_3 84-82-13 quartz-bastnäsite P 6 LV 18 n.d. -13 17 315 602 
82-13_B4_4 84-82-13 quartz-bastnäsite P 6 LV 18 -19 -6 9 319 649 
82-13_B4_5 84-82-13 quartz-bastnäsite P 6 LV 18 -20 -2 4 294 617 
82-13_B4_6 84-82-13 quartz-bastnäsite P 6 LV 18 -20 -8 12 308 609 
82-13_B4_7 84-82-13 quartz-bastnäsite P 6 LV 18 -21 -7 10 256 509 
82-13_B4_8 84-82-13 quartz-bastnäsite P 6 LV 18 -24 -22 24 184 354 
82-13_B18_1 84-82-13 quartz-bastnäsite P 6 LV 19 -23 -5 7 267 541 
82-13_B18_3 84-82-13 quartz-bastnäsite P 6 LV 19 -22 -5 7 325 677 
82-13_B18_4 84-82-13 quartz-bastnäsite P 6 LV 19 -22 -6 9 332 683 
82-13_B18_5 84-82-13 quartz-bastnäsite P 6 LV 19 -19 -4 7 283 578 
82-13_B18_7 84-82-13 quartz-bastnäsite P 6 LVS 19 n.d. -6 10 293 586 
82-13_B18_9 84-82-13 quartz-bastnäsite P 6 LV 19 -23 -6 9 300 606 
82-13_B18_11 84-82-13 quartz-bastnäsite P 6 LV 19 n.d. -5 8 299 605 
82-13_B18_12 84-82-13 quartz-bastnäsite P 6 LV 19 -21 -6 9 317 644 
82-13_B18_13 84-82-13 quartz-bastnäsite P 6 LV 19 -23 -6 9 263 524 
82-13_B18_15 84-82-13 quartz-bastnäsite P 6 LV 19 -22 -10 14 307 596 
82-13_B18_19 84-82-13 quartz-bastnäsite P 6 LVS 19 n.d. -10 14 278 537 
82-13_B17_1 84-82-13 quartz-bastnäsite P 6 LV 19 -21 -9 13 298 584 
82-13_B17_2 84-82-13 quartz-bastnäsite P 6 LVS 19 n.d. -8 11 287 567 
* Tt was calculated using pressure value reported by Mumford and Cousens (2012) and calculation software (Steele-MacInnis et al., 2012).  P = primary, PS = 
pseudosecondary and n.d. = not determined. 
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